Applications of lipid vesicles : drug delivery systems and templates for nanometer and micron sized structures. by Linhardt, Jeffrey G.
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-2001
Applications of lipid vesicles : drug delivery systems
and templates for nanometer and micron sized
structures.
Jeffrey G. Linhardt
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Doctoral Dissertations 1896 - February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Linhardt, Jeffrey G., "Applications of lipid vesicles : drug delivery systems and templates for nanometer and micron sized structures."
(2001). Doctoral Dissertations 1896 - February 2014. 1016.
https://scholarworks.umass.edu/dissertations_1/1016

APPLICATIONS OF LIPID VESICLES: DRUG DELIVERY SYSTEMS AND
TEMPLATES FOR NANOMETER AND MICRON SIZED STRUCTURES
A Dissertation Presented
by
JEFFREY G. LINHARDT
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
September 2001
Polymer Science and Engineering
© Copyright by Jeffrey G. Linhardt 2001
All Rights Reserved
APPLICATIONS OF LIPID VESICLES: DRUG DELIVERY SYSTEMS AND
TEMPLATES FOR NANOMETER AND MICRON SIZED STRUCTURES
A Dissertation Presented
by
JEFFREY G. LINHARDT
Approved as to style and content by
David A. Tirrell, Chair
Samuel P.Hjido, Member
Mark T. Tuominen, Member
Thomas J. McCarthy, Department Head
Polymer Science and Engineering
DEDICATION
This thesis is dedicated to my parents,
Mike and Dorothy Linhardt and
my wife, Dawn.
ACKNOWLEDGMENT
My graduate career has been a truly challenging and rewarding endeavor, and this
thesis has been the culmination of many peoples' influence. I have had the opportunity to
carry out my thesis work at two great institutions, and have benefited from my
interactions with many coworkers both at the University of Massachusetts and at the
California Institute of Technology. First, I would like to thank my advisor, Professor
David Tirrell. Dave is an extraordinary scientist and a wonderful mentor, and I truly
appreciate his support, patience, encouragement, and insightful advice during the course
of my graduate work. Dave's seemingly tireless work ethic, his attention to detail, and
his drive to tackle complex problems will serve as a model for me in my own
professional career. I would also like to thank Sam Gido and Mark Tuominen for taking
the time to serve on my thesis committee, and for their helpful comments during the
course of this work.
During my six years with the Tirrell Group, I have had the privilege of working
with many gifted individuals from all over the world. I want to thank Howard Bowman
for providing direction early on, for his patience, and for his constant use of the
expression "you're killing me." I would also like to thank Jan van Hest for his help in
fielding many dumb questions in my first few years as a graduate student, and for an
unforgettable trip to the Ponderosa Steakhouse. In addition, I would like to thank David
Flanagan for graciously giving his time to proofread papers and proposals, for teaching
me everything I know about computers, and for being a great friend over the last six
years. I am also indebted to many members of the Tirrell Group who have made my
v
graduate career the experience that it was: Isaac Carrico, Wei Chen, Kathy DiZio, Scoti
Kennedy, Kristi Kiick, Youngbeak Kim, Takatoshi Kinoshita, Kent Kirschenbaum,
Alexander Kros, Thierry Michon, Wendy Naimark, Wendy Petka, Hanna Rapaport, Jill
Sakata, Nandita Sharma, Carrissa Soto, Yi Tang, Jens Thies, Kevin Thigpen, Jim
Thomas, Pin Wang, Ralph Weberskirch, and Eric Welsh. Thanks for the memories.
There are far to many people to mention specifically that contributed to my
physical and mental well being during the course of my graduate career. I wish to thank
you all for our times in the laboratory, on the basketball court, or on the Softball diamond.
You all made life, in and out of the laboratory, truly interesting. In addition, I want to
thank the support staff both in the PS&E Department at Umass and in the Chemical
Engineering Department at Caltech for all that you do to keep us on track. Thanks to my
many friends from Buffalo and St. Bonaventure for calling and visiting, and for always
being at the same bars on my return trips to Buffalo, making it easy to find you.
Finally, I want to thank my family; my sister Kathy and my brother Mike, and my
parents Mike and Dorothy, for constantly encouraging me in the pursuit of my Ph.D. and
for being an endless source of strength. Special thanks goes to my wife, Dawn who has
constantly been beside me for much needed support and to put things into perspective
during the difficult times of graduate school. I am extremely grateful for her love,
encouragement, and for her understanding of the demands of graduate student life on all
of my late night trips to the lab to "hydrate my vesicles."
vi
ABSTRACT
APPLICATIONS OF LIPID VESICLES: DRUG DELIVERY SYSTEMS AND
TEMPLATES FOR NANOMETER AND MICRON SIZED STRUCTURES
SEPTEMBER 2001
JEFFREY G. LINHARDT, B.S., ST. BONAVENTURE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor David A. Tirrell
The pH-dependent conformational transition of poly(2-ethylacrylic acid) [PEAA]
was investigated by fluorescence spectroscopy using pyrene as a probe. We demonstrate
that solvent fractionation is effective in reducing the polydispersity of a PEAA sample
obtained from bulk free-radical polymerization, and in providing PEAA fractions of
various molecular weights. The breadth of the conformational transition was reduced by
using samples of lower polydispersity. Furthermore, the location of the conformational
transition on the pH axis was shown to be dependent upon the molecular weight of the
sample.
The interaction of PEAA with phosphatidylcholine vesicles was studied. PEAA
was shown to induce fusion of phosphatidylcholine bilayer membranes under mildly
acidic conditions. The pH-dependent destabilization and fusion of extruded large
unilamellar vesicles (LUVs) by PEAA was characterized by optical density
measurements, transmission electron microscopy, and lipid mixing and contents release
assays. Reduction of either the chain length or the polymer concentration caused the
vii
fusion and contents release events to shift to lower pH values. Release of entrapped
calcein was observed at pH values ca. 1 unit higher than those found to cause membrane
fusion. Decreased levels of fusion were observed when the concentration of PEAA was
lower than that of the lipid; however, quantitative release of encapsulated calcein could
be effected at very low polymer concentrations (-3% w/w PEAA/lipid).
Giant unilamellar vesicles were used as templates for producing flexible
polymeric wires. Tubes up to several microns in diameter formed spontaneously upon
dehydration of the vesicles, or were formed mechanically by shearing the vesicle to
create the appropriate membrane instability. The resulting tubes were stabilized by
photopolymerization of polyethylene glycol) dimethacrylate [PEGDMA], the lumenally
confined macromonomer.
A detailed study of the mechanical properties of crosslinked PEGDMA filaments
was performed. Four different molecular weight PEGDMAs were synthesized from the
corresponding dihydroxy terminated poly(ethylene glycol) and methacroyl chloride.
Mechanical properties of bulk hydrogels were measured via tensile testing with an
Instron, and these values are compared to those obtained on micron sized filaments
connecting two spheres (hydrogel dumbbell) by stretching the dumbbells in a flow field.
Furthermore, techniques were developed for drawing a nanotube (or an array of
tubes) between gold contacts on a surface. We have also demonstrated the use of this
templating approach to produce pH-responsive hydrogels composed of poly(ethylene
glycol) dimethacrylate and methacrylic acid.
Vlll
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CHAPTER 1
INTRODUCTION
Liposomal drug delivery has been extensively investigated over the last couple of
decades, and this research effort is beginning to pay off in the clinic. 1 ' 2 The future
promises development of more advanced drug carriers with researchers now focusing on
liposomes that bear site-specific targeting information and that will effectively deliver
different types of drug candidates such as recombinant proteins, antisense
oligonucleotides, and cloned genes. When designing liposomes capable of intracellular
delivery of therapeutic agents, it is essential that liposomal fusion with the target cell
occurs, and that the contents be delivered to the cytoplasm before undergoing lysosomal
degradation. Responsive liposomes can be used to release the drug from the endosome
before fusion with the lysosome occurs.
Strategies for the design of responsive liposome systems can utilize the lipid
constituents of the membrane or other molecules (most commonly macromolecules) that
disrupt the membrane in response to various stimuli. Macromolecular approaches toward
responsive liposome systems include using model peptides that mimic the actions of
fusogenic proteins and synthetic polymers that act on membranes. Poly(2-ethylacrylic
acid) [PEAA] has shown promise as a permeabilizing agent used in drug delivery, so our
focus was on the detailed solution characterization of PEAA as well as its interactions
with membranes.
Our first study was on the free-radical synthesis of PEAA fractions of low
polydispersity. Solvent fractionation of a sample isolated from bulk polymerization
i
afforded fractions of various molecular weight and of lower polydispersity than the initial
isolate. The pH-dependent conformational transition of poly(2-ethylacrylic acid) [PEAA]
was investigated with fluorescence spectroscopy. The location and breadth of the
conformational transition were shown to be dependent on the molecular weight and
polydispersity of the sample. The pH-dependent destabilization and fusion of extruded
large unilamellar vesicles (LUVs) by PEAA were characterized by calcein release and
lipid mixing assays, respectively. Reduction of either the chain length or the polymer
concentration caused the fusion and contents release events to shift to lower pH values.
Release of entrapped calcein was observed at pH values ca. 1 unit higher than those
found to cause membrane fusion. Decreased levels of fusion were observed when the
concentration of PEAA was lower than that of the lipid; however, quantitative release of
encapsulated calcein could be effected at very low polymer concentrations (-3% w/w
PEAA/lipid). These findings demonstrate PEAA's effectiveness as a permeabilizing
agent for intracellular delivery, and illustrate the potential for using PEAA in the
development of functionalized liposomes.
The second research objective extends upon work performed previously in our
laboratory where giant unilamellar vesicles are used as templates for producing flexible
polymeric wires.4 The caliber of the tubes that are pulled from a solid substrate via
mechanical retraction can be precisely controlled in the range from 20 to 200 nm by
adjusting the membrane tension with a precision manometer. Tubes of up to several
microns in diameter are formed either spontaneously upon dehydration of the vesicle, or
deliberately by shearing the vesicle to create the appropriate membrane instability. The
resulting structure is stabilized by photopolymerization of the lumenally confined
2
prepolymer. In this work, polyethylene glycol) 1000 dimethacrylate (PEGDMA1000)
was photo-crosslinked by using a standard light-sensitive polymerization initiator.
One goal of the above "templating" technique is the production of structures with
controllable mechanical properties. We are particularly interested in exploring the
relationship between molecular architecture and the mechanical behavior of polymeric
filaments, ultimately being able to tune the stiffness and rigidity of the gel through
variation in chemical structure, concentration, or crosslink density. Recently, we have
been testing the mechanical properties of the filament by stretching dumbbell shaped
structures in a flow field. These structures are aligned inside a capillary where the fluid
flow can be adjusted with the use of a precision manometer. The hydrodynamic drag of
the fluid over one end of the dumbbell stretches the filament and allows for determination
of the stress-strain properties of the hydrogel filament. The drag force on the sphere is
calculated using a modified form of the Stokes drag equation that is corrected for the
increased viscous drag experienced by the sphere confined in a capillary. Direct values
of the drag force can be obtained using computational fluid dynamic calculations,
however these calculations are time consuming and were shown to return values close to
those obtained using the Stokes drag equation (within 10%).
Four different molecular weight poly(ethylene glycol) dimethacrylates were
synthesized and used to form cross-linked hydrogels. Mechanical characterization of
bulk hydrogels was performed using an Instron and moduli values were compared with
the values obtained using the technique described above. The effect of crosslink density
and polymer concentration on the formed gels is described.
3
Demonstration of the use of bilayers as templates to create stable structures opens
the door to a variety of processing techniques to create functionalized structures. One of
the long term goals of the project is to use this approach to create electrically active
elements in devices. Along these lines, we have developed techniques for drawing a
nanotube (or an array of tubes) between gold contacts on a surface. Several studies have
been performed in an attempt to make the resulting tubes electrically conductive, and
research toward this objective continues in our laboratory and will be summarized in this
thesis.
This templating technique can also be applied to the production of smart materials
that respond to environmental stimuli. " We have demonstrated pH-responsive gels
composed of poly(cthylene glycol) dimethacrylate and methacrylic acid can be made by
incorporating these monomers in the lumen of the vesicles. The pH-response occurs
over extremely short time scales due to the size of the structures. These finding could
have potential for making extremely small force transducers or elements in mechanical
devices (artificial muscle).
4
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CHAPTER 2
SYNTHESIS AND SOLUTION CONFORMATIONAL STUDIES OF THE
pH DEPENDENT POLYELECTROLYTE, POLY(2-ETHYLACRYLIC ACID)
Introduction
The interaction of the polyelectrolyte, poly(2-ethylacrylic acid) [PEAA, 1], with
phospholipid bilayer membranes has been studied extensively in this laboratory over the
past fifteen years.
1
This system has been tailored to create lipid vesicles that respond -
via release of contents - to changes in pH, 2 temperature, 3 light intensity,4 '5 or
concentration of a solute such as glucose.6
CH2CH3
-fCH—C-jn
C02H
1
PEAA undergoes a conformational transition from an expanded coil to a more compact
structure upon acidification in aqueous solutions (Figure 2.1). Acidification of
PEAA/Iipid mixtures causes increased membrane permeation at low concentrations (<3%
w/w PEAA/lipid). At higher concentrations (-50% w/w PEAA/lipid), the polymer
triggers structural reorganization from membrane vesicles at high pH to mixed polymer-
lipid micelles at low pH. 1
These properties make PEAA a candidate for use in the development of
functionalized drug carriers for pharmaceutical applications. To extend the versatility of
6
Figure 2.1 pH-dependent conformational transition ofPEAA from an expanded coil at
high pH to a more compact structure at low pH. Models are ofPEAA with a degree of
polymerization of 24 and are the energy minimized structures computed with Cerius 2.
The top model represents PEAA that is completely ionized, while the model on the
bottom is a PEAA chain with all the carboxyl groups protonated.
7
this system, one would like to be able to control the pH at which release of contents takes
place. Tuning of the "critical pH" is necessary for targeting of different intracellular
destinations characterized by different degrees of acidity. 8 '9 Control of the critical pH can
be attained either by altering the properties of the bilayer membrane, or by variation of
the polymer chain structure. Membrane properties have been altered through choice of
constituent lipids (e.g., by selection of the most appropriate lengths of the acyl chain
substituents or through the use of saturated vs. unsaturated chains), 10 through the
inclusion of cholesterol in the bilayer," or through the use of polymerizable lipids. 1213
Modulation of polymer chain structure has been achieved through variations in tacticity, 2
molecular weight, 14 and chemical composition (by copolymerization with methacrylic
acid).
15
All of the aforementioned studies have demonstrated useful control over the
transition pH.
Chapter one of this thesis is dedicated to studies of the conformational transition
of PEAA in aqueous solution and to the role that molecular weight and polydispersity of
the polymer plays on this transition. Understanding the solution properties of PEAA is
critical for potential applications in the development of liposomal drug delivery systems.
PEAA was synthesized via bulk free-radical polymerization. Solvent fractionation was
used to provide samples of various molecular weights, and to reduce the polydispersity of
the samples when compared to the initial isolate. Aqueous gel permeation
chromatography demonstrated that each of the precipitated fractions was of lower
polydispersity (1.2-1.4) than the unfractionated starting material (2.2), and that the
molecular weight of the isolated fractions decreased as the ether/methanol ratios were
increased (methanol is the solvent and ether the nonsolvent).
8
The effect of molecular weight and polydispersity of the polymer on the
conformational transition was measured using fluorescence spectroscopy with pyrene as a
probe. Pyrene exhibits an increase in fluorescence intensity with an increasingly
hydrophobic environment. These studies indicate that there was a profound effect of the
molecular weight of PEAA on the location of the conformational transition. The location
of the transition could be controlled in the pH range from 6.0 for the largest molecular
weight fraction to 5.3 for the lowest molecular weight fraction. This important result
allows for tuning of the "critical pH," which as mentioned previously is beneficial for
targeting different intracellular destinations. Furthermore, the breadth of the
conformational transition was affected by the polydispersity of the PEAA sample.
Analysis of the first derivative plots of the transition show that the breadth of the
conformational transition is reduced by using samples of lower polydispersity. This
result suggests that a more precise pH response for PEAA can be obtained by reducing
the heterogeneity of the polymer sample (i.e. polydispersity being one source of
heterogeneity).
Conformational Properties of Macromolecules
Polymers have the capacity to assume an enormous array of configurations via
rotations about the backbone bonds. These conformations can strongly affect the
physical properties of the polymer (i.e. viscosity, solubility, diffusion, crystallization, and
rubberlike elasticity). The dimensions of the macromolecule (size and shape) are related
to its chemical structure, chain length, and molecular environment. The inter- and
intramolecular interactions that affect conformation and the interactions of
9
macromolecules with other objects are controlled by a fundamental set of noncovalent
forces. These forces include hydrogen bonding, electrostatic forces from ionized groups
or dipole interactions, van der Waals interactions, and hydrophobic interactions. For
most synthetic polymers with flexible backbones, no one conformation is usually
sufficiently more stable than the others to predominate, and the molecule can be
represented as a random coil. 16
Conversely, proteins utilize this flexibility and the cooperative non-covalent
forces amongst their atoms to adopt a relatively fixed conformation. For example,
hydrogen bonding in proteins is used to form both the a-helix and the (3-sheet structural
motifs. Furthermore, cohesive intramolecular interactions among apolar moieties, known
as hydrophobic interactions, have long been recognized as a major factor in determining
the unique compact conformations of globular proteins in aqueous solution. 17
In dilute solution, polymer conformation depends upon intramolecular segment-
segment, segment-solvent, and solvent-solvent interactions. At equilibrium there is a
balance between the osmotic forces that swell the molecule and the elastic force that
results from the chain being in a less probable conformation. Many macromolecular
species in solution are subject to multiple interactions that act on them. Often times, if
opposing forces are present, the physical properties of these molecules do not change
gradually as the environment is altered (pH, temperature, pressure), but rather they
exhibit little or no change until a point is reached where there is a sudden drastic change
in conformation.
18
These events are known as conformational transitions and occur often
in nature when globular proteins undergo denaturation, which invariably causes them to
lose their biological function.
17
Furthermore, many proteins exhibit a random coil to
10
helix transition with a change in environment. 17 A variety of synthetic polymers also
undergo conformational transitions in response to stimuli. 1619
Conformational Behavior of Poly(carboxvlic acicOs
The conformation of poly(carboxylic acid)s in aqueous solution depends upon the
extent of ionization of the carboxyl groups along the chain. At high pH, the size of the
molecule is greatly increased due to electrostatic repulsion between neighboring carboxyl
groups and the polymer exists as an extended coil. As the solution pH is lowered the
polymer adopts a more compact conformation (Figure 2.1). The variation in molecular
dimensions with solution pH has been studied for a number of synthetic, water-soluble
1 4 20 3 8
polymers. ' " Katchalsky and coworkers showed that for poly(acrylic acid), the
reversible change in hydrodynamic radius is linear with pH. 20 Several other simple
polyelectrolytes also exhibit continuous chain expansion with increasing chain
39 40
ionization." '
In related systems, poly(carboxylic acid)s that contain attractive intramolecular
interactions can undergo a cooperative conformational transition rather than continuous
expansion. Many natural and synthetic polyelectrolytes undergo this transition in
response to pH, temperature, salt concentration, or solvent composition. Among the most
widely studied examples are the helix-coil transitions that occur in peptides and proteins
containing glutamic and aspartic acid residues.
17,41 "44
In addition, synthetic
polyelectrolytes that contain apolar side chains have been well studied. Poly(methacrylic
acid) [PMA] was shown to unfold in a cooperative manner due to intramolecular
hydrophobic attraction between the methyl side chains.
21,23 Conformational transitions
11
were also shown to occur in PEAA,29 copolymers of maleic acid and alkyl vinyl ethers,24
copolymers of methacrylic acid and styrene, 25 polymethacrylamides with amino acid side
33
chains, and poly(ethylene-per-ethylene-per-acrylic acid). 36 In all of these molecules,
the hydrophobic interactions between the apolar groups cause the polyelectrolyte to
remain in its collapsed state until the charge-charge repulsion energy outweighs the
unfavorable apolar group-water interactions, where upon a cooperative unfolding of the
chain occurs. For these molecules, experimental evidence supports stabilization via the
hydrophobic effect and not by hydrogen bonding because i) partial esterification of PMA
does not change the overall ionization where the conformational transition occurs,45 and
ii) there is a shift toward higher pH for the conformational transition of related
polyelectrolytes bearing alkyl groups of increasing size. 24 '28
Experimental Methods for Conformational Collapse
The conformational transition of hydrophobic polyelectrolytes has been studied
by a number of experimental techniques that include viscometry, ' ,: potentiometric
titration,
21
'
23
'
26 H-NMR,29 quasi-elastic light scattering (QELS), 1038 X-ray scattering, 38
and fluorescence spectroscopy. 27 30,31 Figure 2.2 gives examples of the experimental data
which signal the conformational transition of these macromolecules. Viscometry
provides a convenient method to determine where the transition occurs because the
cooperative unfolding of the chains leads to a sharp increase in the intrinsic viscosity [r|]
of the solution (Figure 2.2 A). Furthermore, potentiometric titration can be used to signal
the transition as the pKa curves of hydrophobic polyelectrolytes have a very specific
form (Figure 2.2 B). Initially, there is a sharp rise in pKa as the polymer remains in the
12
Figure 2.2 Experimental methods for monitoring the conformational transition of
polyelectrolytes. The symbol a is the degree of neutralization in all the graphs. Captions
for individual graphs are on the following page, [continued]
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[Figure 2.2 continued]
Figure 2.2 A) Dependence of intrinsic viscosity |rj] of PEAA on the degree of
neutralization. B) Potentiometric titration of PEAA in salt free aqueous solution at 80° C
(• ) and 25° C (A) [from rcf. 28]. C) The chemical shift (8) of the methyl peak in the
lH-NMR spectrum of PEAA vs. the degree of neutralization. D) The half-width AV| /2 of
the methyl peak in the 'il-NMR spectrum E) Hydrodynamic radius of PEAA in aqueous
solution vs. pl l as determined by QEES. F) X-ray scattering curves for PMA in pure
water at a concentration of 0.046 gm/ml for different values of a. a = 0 (); 0.05 (+);
0.15 (); 0.32 (X); 0.48 (); 0.71 (©); and 0.95 (O). G) Logarithmic plot of q* vs. a
for three different PMA concentrations. C = 0.045 gm/ml (); 0.033 gm/ml (); and
0.009 gm/ml (•). H) Pyrcnc Peak I emission intensities vs. pll for PEAA with a weight-
average molecular weight of 23000. (A, C, and D are reprinted with permission from rcf.
29, Copyright 1983 Springcr-Vcrlag.; E is reprinted with permission from rcf. 53,
Copyright 1988 American Chemical Society.; F and G arc reprinted with permission
from ref. 38 Copyright 1999 Elsevier Science.)
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collapsed state but the charge in the coil increases. The curve then goes through a plateau
which represents the unfolding of the chain before showing a slower rise in electrostatic
potential where charge continues to accumulate on the polymer chain with no further
increase in chain dimensions. 21 In another method, Sugai and coworkers utilized 'H-
NMR spectroscopy to study the conformational transition of PEAA. The transition was
marked by a shift in 5 (ppm) of the methyl proton resonance of the side chain (Figure 2.2
C), as well as broadening of the methyl resonance when the polymer is in its compact
form (Figure 2.2 D). This arises because the compact form is in a more restricted
motional state than the coil form. 29
Tirrell and coworkers studied the conformational collapse of PEAA using
QELS. 10 They showed a sharp decrease in the hydrodynamic radius of the polymer
between pH 6.2 and 5.9. The hydrodynamic radius was found to be ca. 6 nm at high pH
vs. ca. 4.4 nm below pH 5.9 (Figure 2.2 E), which is consistent with earlier results
obtained on PMA.46,47
Recently, X-ray scattering was used to study the solution properties of PMA as a
function of its neutralization degree. Francois and coworkers showed that the
dimensions of uncharged PMA is intermediate between that of a compact sphere
(globule) and a gaussian coil. Furthermore, they demonstrate a shift in the scattering
peak toward higher q values when a increases (Figure 2.2 F). If q* is plotted vs. a, there
is discontinuity between a values of 0.2-0.5 where q* increases more sharply (Figure 2.2
G). This behavior can be attributed to the conformational transition of PMA which
changes the scattering form factor of the macromolecule.
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The conformational transition of polyelectrolytes has often been studied with the
use of fluorescence spectroscopy. Thomas and coworkers used a hydrophobic
fluorescent probe, pyrene, to monitor the conformational behavior of PMA. 27 They
noticed a dramatic change in pyrene fluorescence intensity over a narrow pH range,
where the critical pH for the conformational transition corresponded to the midpoint of
the change in intensity (Figure 2.2 H). When a chromophore such as pyrene, is excited,
there are competing processes in which the molecule can return to the ground state.
These processes include fluorescence emission and the radiationless loss of energy. The
intensity of the emitted radiation depends upon the relative rates of these competing
processes. For pyrene, it has been found that an increase in solvent polarity results in an
increase in the radiationless loss of energy.
27
In aqueous solution at high pH, PEAA
exists in its expanded coil conformation and pyrene is present in a polar environment so
the fluorescence intensity is low. At low pH, PEAA adopts a collapsed conformation
with hydrophobic domains capable of solubilizing pyrene, and an increase in pyrene
fluorescence is observed (Figure 2.3). For pyrene, the conformational transition can be
followed by the peak I and peak III fluorescent intensities, the peak III / peak I ratio, or
27
the change in the excited state lifetime of the probe.
Experimental Section
Materials
Diethyl ethylmalonate, diethylamine, Diazald, 2-(2-methoxyethoxy) ethanol, and
pyrene were used as received from Aldrich Chemical Co. Azobis(isobutyronitrile)
16
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Figure 2.3 Pyrene is used to monitor the conformational transition of PEAA. At low
pH, pyrene is solubilized in the collapsed coil ofPEAA [top]. In the fluorescence
emission spectra ofaqueous PEAA/pyrene mixtures, both the peak I (373 nm) and peak
III (384 nm) fluorescence intensities increase when going from the more hydrophilic
environment ofexpanded PEAA coils (pH 7.0) to the hydrophobic environment of
collapsed coils (pH 5.4) [bottom].
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(AIBN) was purchased from Aldrich and recrystallized from methanol. Formaldehyde
solution (37% w/w) and cellulose dialysis tubing (Spectra/Por 6, MWCO 1000) were
purchased from Fisher Scientific Co.
Synthesis of Polv(2-ethylacrvlic acid)
2-Ethylacrylic acid was prepared from diethyl ethylmalonate by a procedure
published earlier (Figure 2.4).
4X
The monomer was vacuum distilled (bp 50°C / 1 mm
Hg) and placed in ampules. AIBN (5 mol%) was added and the ampules were subjected
to four freeze-degas-thaw cycles and sealed under vacuum. Polymerizations were carried
out in bulk and run at 60° C for 24 hours. The resulting slurry was dissolved in methanol
and precipitated into diethyl ether. The precipitated polymer was collected by filtration,
dissolved in pH 9 phosphate buffer, and dialyzed against water for 4 days in cellulose
dialysis tubing (MWCO = 1000).
Solvent Fractionation
Solvent fractionation was carried out using methanol and diethyl ether as solvent
and nonsolvent, respectively. PEAA was dissolved in methanol at a concentration of 50
mg/ml and precipitated by slow dropwise addition of ether while stirring vigorously.
Successive fractions of the polymer were precipitated by taking the filtrate (or the
supernatant) and adding more ether. Fractions that were insoluble in mixtures of diethyl
ether and methanol with ether-to-methanol ratios of 1:1, 6:1, 10:1, and a final fraction
that was soluble in the 10: 1 mixture were isolated.
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Figure 2.4 Synthesis of poly(2-ethylacrylic acid). A) Reaction scheme for the free-
radical synthesis of poly(2-ethylacrylic acid). B) NMR spectrum of 2-ethylacrylic acid
"H-NMR (CDCI3): 5 1.1 (t, 3H), 2.35 (q, 2H), 5.65 (s, 1H), 6.35 (s, 1H) ppm.
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Gel Permeation Chromotography in DMF
Molecular weight information of samples obtained from solvent fractionation
were determined using gel permeation chromatography (GPC) [DMF as the eluent and
two Waters HR4E styragel columns]. Calibration was performed using five
polyethylene oxide) (PEO) standards of narrow molecular weight distribution and
molecular weights ranging from 103 to 106
. Samples were analyzed at a concentration of
2 mg/ml. Molecular weight separation using the GPC was also performed (Preparatory
GPC). Fractions were collected in 3 minute intervals over the time that the polymer was
being detected by the differential refractometer. Due to a short lag time between the
detector and the outlet where the sample was collected, a final fraction was also collected
after the peak elution. Collected fractions were concentrated and reinjected on GPC for
analysis of the molecular weight separation.
Esterification of PEAA
Poly(2-ethylacrylic acid) was esterified using diazomethane. Caution!
Diazomethane is both explosive and toxic! It is prepared from Diazald in a procedure
described in Organic Synthesis.40 In short, 6 gms of KOH, 35 mL of 2-(2-
Methoxyethoxy) ethanol, 10 mL of water, and 10 mL of ether are added to a 250 mL
round bottom flask. (Note: Avoid the use of ground glass connections in this reaction.)
The flask is attached to a diazald distillation apparatus that is supplied by Aldrich. The
round bottom is heated to 70 degrees C and a solution of 21.4 gms of diazald in 130 mL
of ether is added slowly with the use of an addition funnel. The yellow distillate is
collected in a receiving flask and is an ethereal solution of diazomethane. Esterification
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of the polymer is carried out via a procedure described in a previous paper by Seki. 2
PEAA samples were suspended in dioxane at a concentration of 5 mgs/mL and a cold
ethereal solution of diazomethane was pipeted in until the yellow color of the solution no
longer faded. The samples were allowed to react for 24 hours, concentrated on the
rotavap, dissolved in a minimal amount of THF, and precipitated into a water/methanol
mixture. Precipitate was filtered and dried under vacuum.
Aqueous Gel Permeation Chromotographv
Molecular weights of fractionated samples were re-examined by aqueous gel
permeation chromatography (GPC) using two TSK columns (TSK 3000PW, TSK
5000PW) and a differential refractometer. Calibration was performed using five PEO
standards of narrow molecular weight distribution and molecular weights ranging from
10
3
to 10
5 (Waters). PEAA was dissolved in pH 9 phosphate buffer (0.034 M) at a
concentration of 2 mg/ml. The buffer contained 0.3 M NaCl in order to suppress coil
expansion. 50
Fluorescence Measurement
The conformational transition of PEAA in solution was monitored by observing
the steady-state fluorescence of codissolved pyrene. 27 A polymer stock solution of low
buffer capacity was prepared by dissolving PEAA (4 mg/ml) and pyrene (200 U.M) in 5
mM phosphate buffer of pH 8. Phosphate buffers (100 mM) ranging in pH from 8 to 5.3
were prepared by mixing varying ratios of monobasic and dibasic phosphates. Samples
for fluorescence measurements were prepared by mixing 0.5 ml of the polymer solution
21
with 1.5 ml of phosphate buffer at various solution pH, to give final concentrations of 1
mg/ml PEAA and 50 \xM pyrene and constant ionic strength (1=0.229). Pyrene was
excited at 337 nm and the conformational transition was followed by measuring the
intensity of the fluorescence emitted at 373 nm (peak 1) and at 384 nm (peak 3) using a
Perkin-Elmer MPF-66 fluorescence spectrophotometer.
Data Analysis
The data presented in Table 2 were derived from numerical analysis of the first
derivative plots obtained for each of the fractions. The transition midpoint is taken as the
position of the maximum in the first derivative, and the transition width is the width of
the first derivative peak at half its maximum value.
Results and Discussion
Solvent fractionation was used to reduce the polydispersity of a PEAA sample
obtained from a bulk free-radical polymerization. Fractionation was carried out by
inducing precipitation of PEAA from methanolic solutions through addition of diethyl
ether, a nonsolvent for the polymer. The highest molar mass species precipitate first so
that fractions of decreasing molar mass are obtained as the proportion of nonsolvent is
increased.
While analyzing samples using GPC with DMF as the eluent, several problems
were encountered. Fractionated samples showed irregular elution profiles, had high
polydispersities, and all the samples started to elute at the same time (-10 minutes)
22
[Figure 2.5]. Furthermore, fractions that were collected from a preparatory GPC
experiment, when reinjected all started their elution at the characteristic time of 10
minutes. In addition, a concentration effect was noted; when injecting a sample of higher
concentration (still well below the saturation concentration for the column) the elution
peaks would shift to longer times. These observations are characteristic of aggregation
between the analyte molecules, or interaction of the analyte with the column, where the
molecules are no longer being separated by size exclusion alone.
To further demonstrate this assumption, samples of PEAA were esterified using
diazomethane (Figure 2.6). The resulting polymer, poly(methyl ethacrylate) (PMEA)
was confirmed by NMR (Figure 2.8) and IR spectroscopy. The methylation of PEAA is
demonstrated in FT-IR by the disappearance of the strong -OH absorption at 3300-2500
cm"
1
,
while the aliphatic C-H stretch at 2500 cm' 1 remains. The presence of a small -OH
absorption indicates that the degree of methylation is less than 100%. When PMEA is
analyzed using GPC (DMF), the sample moves to significantly longer elution times
(lower molecular weight) than the parent polymer (PEAA), showing that aggregation or
interaction with the column is taking place (Figure 2.7). These observations led to the
use of another solvent system to analyze the polymer.
Aqueous gel permeation chromatography (Figure 2.9) shows that each of the
PEAA fractions obtained by ether precipitation is of lower polydispersity (1.2-1.4) than
the initial sample obtained via radical polymerization (polydispersity 2.2). Molecular
weight data are presented in Table 2. 1. Weight average molecular weights (estimated on
the basis of poly(ethylene oxide) GPC standards) range from 4,800 to 32,000.
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Figure 2.5 Irregular elution profiles were obtained by GPC when using DMF as an
eluent. All the samples injected from a fractionation started to elute at the same time
(-10 minutes). This can be due to aggregation of PEAA in DMF, or interactions of the
polymer with the column.
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Methylation of PEAA using diazomethane
Figure 2.6 Synthetic scheme for the methylation of poly(2-ethylacrylic acid) with
diazomethane to produce poly(methyl ethacrylate) [PMEA].
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Figure 2.7 GPC elution chromatograms of poly(2-ethylacrylic acid) [left peak] and
poly(methyl ethacrylate) [right peak] using DMF as the eluent. PEAA elutes at
considerably shorter elution times (larger molecular weight) than the
corresponding
methyl acrylate, which is indicative of PEAA aggregating in DMF or interacting
w.th the
column.
25
i i -OOH 1
-HjCM, J
-t r
128 l?6 1?4 1?? 1? 0 II.
[ppm]
>3.0 170 11.0 100 90 80 Ml 60 5.0 4 0 3.0 20
(ppm)
"
I '"T
t.O 00
/ M COOCH, \
b b c /
130 l?5 120
(ppm)
115
Figure 2.8 Proton NMR specta of poly(2-ethylacrylic acid) [top] and poly(mcthyI
ethacrylate) [bottom]. 'H-NMR of PEAA (DMSO): 5 0.8 (3H), 1.7 (4H). 'H-NMR of
PMEA (DMSO): 5 0.7 (3H), 1 .7 (4H), 3.5 (2H). Evidence for the conversion to the
acrylate is the disappearance of the carboxylic acid proton peak at 12.5 ppm and the
appearance of the methyl ester peak at 3.5 ppm. The integration of peak A should be
close to 3H, when it is actually closer to 2H, signifying incomplete conversion to the
methyl ester.
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Figure 2.9 Aqueous gel permeation elution chromatograms for PEAA samples obtained
from solvent fractionation. Ratios refer to the ether: methanol ratios used to precipitate
the individual fractions.
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Molecular Weight Data3 for PEAA Samples Obtained from Solvent
Fractionation
Sample 0 Mw MnIVI 1 1 Dm
Unfractionated 32,000 14,000 2.2
1:1 23,000 16,000 1.4
6:1 8,000 6,200 1.3
10:1 5,000 4,400 1.2
Soluble 4,800 4,100 1.2
"Determined by GPC with PEO calibration
b
Ratios in the sample column refer to the ethenmethanol ratio used to precipitate
the individual fractions.
The effects of molecular weight and polydispersity on the conformational
transition of PEAA in aqueous solution were monitored by fluorescence spectroscopy
with pyrene as a probe. Pyrene has been used previously to study the conformational
states of PEAA 14 and poly(methacrylic acid) [PMA] 27 '30 in water. The utility of pyrene
as a probe of polyelectrolyte conformation arises from the fact that the emission
intensities of peak 1 (373 nm) and peak 3 (384 nm) increase in nonpolar environments.
The peak 3/peak 1 ratio is also dependent on the polarity of the environment, and varies
from 1.65 in hexane to 0.64 in water .
The conformational transition was monitored for four different fractions of
PEAA, and the behavior of each fraction was compared to that of the unfractionated
sample. The results are presented in Figures 2.10a and 2.10b, which show the peak 1 and
peak 3 intensities vs. pH for all samples. The transition midpoint ranges from pH 6.0 for
the highest molecular weight sample, to pH 5.3 for the lowest molecular weight sample.
Furthermore, for the 10: 1 and soluble fractions, the transition is not complete at the
lowest pH obtainable with the phosphate buffer system. The peak 3/ peak 1 ratios
measured for all five of the PEAA samples also signal the conformational transition:
Ratios range from 0.93+0.02 for the polymer chain in the compact state to 0.63+0.02 in
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Figure 2.10 Fluorescence intensity at 373 nm (Peak 1,A) and 384 nm (Peak 3,B) for
pyrene dissolved in phosphate-buffered solutions of PEAA of different molecular
weights. First derivative plots for the 1:1 and the unfractionated samples demonstrate the
effect of polydispersity on the transition width (Peak 1,C and Peak 2,D).
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the expanded state, which is consistent with prior results. 35
The molecular weight effect on the conformational transition can be explained, at
least in part, by the molecular weight dependence of the ionization behavior of PEAA.
Although ionization of poly(acrylic acid) shows no molecular weight dependence,
titration curves of PMA 51 and PEAA51 exhibit strong molecular weight effects in the
transition region, where shorter chains behave as stronger acids than their higher
molecular weight counterparts. Thus, even the simplest assumption (i.e., that the
conformational transition occurs at a fixed value of the degree of ionization) would
require that the solution pH must be reduced further to induce collapse of short PEAA
chains.
The role of polydispersity in determining the breadth of the conformational
transition was examined by fitting the data in Figures 2.10a and 2.10b to a logistic
function.
52
The first derivative of the resulting function was calculated, and the full width
at half maximum (FWHM) of the derivative curve was taken as a measure of the
transition width. In Figures 2.10c and 2.10d, the first derivative plots for the 1:1 and
unfractionated samples (which have similar number-average molecular weights) are
shown. The fractionated sample exhibits reduced transition width, which we attribute to
a decrease in polydispersity (PDI of 1.4 vs. 2.2). The transition widths and midpoints for
each of the fractions are presented in Table 2.2. Note that for the 10:1 and soluble
fractions, the width at half maximum was obtained by doubling the pH difference
between the midpoint (peak value) and the higher pH half maximum value of the first
derivative plot, because these fractions did not fully complete the transition at the
minimum pH value investigated.
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Table 2.2 Transition Midpoints and Widths Obtained from Fluorescence
Measurements
Peakl (373 nm) Peak 3 (384 nm)
Sample FWHM Transition pH FWHM Transition pH
Unfractionated 0.33 5.93 0.41 5.93
1:1 0.22 6.01 0.21 6.02
6:1 0.34 5.83 0.33 5.82
10:1 0.28a 5.42 0.29a 5.42
Soluble Fraction 0.22a 5.34 0.23a 5.34
FWHM value was obtained by doubling the pH difference between the midpoint
(peak value) and the higher pH half maximum value of the first derivative plot
Conclusions
The pH-dependent conformational transition of PEAA and the capacity of the
polymer to cause reorganization of bilayer membranes and release of encapsulated
material, have been well documented. Precise control of these events at a predetermined
"critical pH" is necessary in applications such as liposomal drug delivery. We have
demonstrated that: i). the conformational transition of PEAA shifts to lower pH as the
chain length of the polymer is reduced, and ii). the breadth of the conformational
transition can be reduced by using samples of lower polydispersity. PEAA samples of
low polydispersity were obtained readily by solvent fractionation of a sample prepared by
bulk free-radical polymerization.
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CHAPTER 3
pH-INDUCED FUSION AND LYSIS OF PHOSPHATIDYLCHOLINE VESICLES BY
THE POLYELECTROLYTE, POLY(2-ETI 1 YLACRYLIC ACID)
Introduction
Thirty years of research on liposomal drug delivery systems is now beginning to
pay off in the clinic. Several liposomal delivery systems, including antifungal and
anticancer formulations, are currently being used to treat patients. 12 The future promises
development of more advanced drug carriers with researchers now focusing on liposomes
that bear site-specific targeting information and that will effectively deliver different
types of drug candidates such as recombinant proteins, 3 antisense oligonucleotides,4 and
cloned genes. 5
To date, liposomes have been successful in changing the biodistribution of drugs
in the body by causing accumulation of the drug at the disease site. This has led to
enhanced therapeutic activity and reduced toxicity when compared with that of the free
drug.
1 A significant advance was made by prolonging the circulation lifetime of
liposomes which allows them to escape the leaky vasculature present at certain disease
sites because of their ability to evade uptake by the mononuclear phagocytic system
(MPS). 2
When designing liposomes capable of intracellular delivery of therapeutic agents,
it is essential that liposomal fusion with the target cell occurs, and that the contents be
delivered to the cytoplasm before undergoing lysosomal degradation. This is where
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responsive liposomes can be used to release the drug from the endosome before fusion
with the lysosome occurs.
Poly(2-ethylacrylic acid) [PEAA] has shown promise as a pH-dependent
permeabilizing agent that can be used in formulations for intracellular drug delivery. 6
The interaction of PEAA with phosphatidylcholine (PC) bilayer membranes needs to be
characterized in detail as a prerequisite to its use in the development of new drug carriers.
This chapter focuses on the interactions of PEAA with PC membranes.
PEAA was shown to induce fusion of phosphatidylcholine bilayer membranes
under mildly acidic conditions. The pH-dependent destabilization and fusion of extruded
large unilamellar vesicles (LUVs) by PEAA was characterized by optical density
measurements, transmission electron microscopy, and lipid mixing and contents release
assays. Reduction of either the chain length or the polymer concentration caused the
fusion and contents release events to shift to lower pH values. Release of entrapped
calcein was observed at pH values ca. 1 unit higher than those found to cause membrane
fusion. Decreased levels of fusion were observed when the concentration of PEAA was
lower than that of the lipid; however, quantitative release of encapsulated calcein could
be effected at very low polymer concentrations (-3% w/w PEAA/lipid). PEAA induced
intracellular release of calcein in Human Jurkat cells that were incubated in a buffer
containing PEAA and calcein.
Biological Membranes
The membranes of the cell are composed of complex mixtures of lipids, proteins,
and their glycosylated derivatives. The amphiphilic lipids self-assemble into a bilayer
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structure in which the hydrophilic headgroups are in contact with the aqueous medium
and the hydrophobic tails form the non-polar interior of the bilayer sheath. The lipid
bilayer acts as a permeability barrier and as a matnx for the association of membrane
proteins (Figure 3.1). The distribution of lipids and proteins varies among membranes
depending on their biological function. Many cellular membranes respond to chemical
and physical stimuli. The cell orchestrates precise control of membrane-mediated events
such as endocytosis and exocytosis, fusion, translocation, transport, and recognition. 8
These phenomena have prompted study of model membrane systems that can mimic
biological membranes by responding to environmental cues.
The overwhelming complexity of biological membranes is greatly simplified in
the study of model membrane systems where the researcher can precisely control the
composition and structure of the membrane. Despite the fact that no model is able to
perfectly mimic complex membrane assemblies, the contribution of individual lipids and
proteins to membrane function has been deciphered through the study of model systems.
Recently, model membrane systems that exhibit controlled fusion and permeability
behavior are receiving increased attention for applications such as gene therapy,5 '
9
targeted drug delivery, 1,2 and signal amplification in biochemical assays.
10
'
11
Phospholipid Vesicles
One of the key constituents in biological membranes, phospholipids, have been
widely used in the study of model membrane systems. Phospholipids are double-chain
surfactant molecules that have a hydrophilic phosphodiester head group, and long
nonpolar hydrocarbon tails. When dispersed in an aqueous medium they form closed
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Figure 3.1 Schematic diagram of a typical biological membrane. The phospholipid
molecules self assemble into a bilayer structure consisting oftwo leaflets of
phospholipid, whose polar head groups line both surfaces and whose acyl tails form the
interior of the bilayer. Membrane proteins are associated with the bilayer and
oligosaccharides bind to both proteins and lipids. [Reprinted with permission from
ref. 7, Copyright 1995 Scientific American Books.]
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bilayer structures with an inner aqueous compartment (Figure 3.2). A variety of different
methods have been developed for the formation of vesicles. 12 Multilamellar vesicles
(MLV's), which consist of a onion-like arrangement of bilayers, can be formed by vortex
agitation of hydration media over a dried lipid film. 13 Multilamellar vesicles range in size
from 100 nm to 10 u.m in diameter and their solutions consequently scatter light.
Unilamellar vesicles consist of one lipid bilayer enclosing a single aqueous compartment.
Small unilamellar vesicles (SUV's) of a more narrow size distribution (20-50 nm in
diameter), can be prepared through sonication of an MLV suspension 14 or by the rapid
injection of a lipid/ethanol solution into an aqueous medium. 15 Large unilamellar
vesicles (LUV's) of a narrow size distribution can be prepared by detergent dilution
techniques,
16
or by extrusion methods in which an MLV suspension is forced through a
polycarbonate or polyester filter.
17
Furthermore, giant unilamellar vesicles whose
diameter can be as large as 100 |im can be prepared by slow hydration of a lipid film from
teflon
18
or via electroformation from platinum electrodes. 19
The properties of bilayer vesicles are controlled by the physical properties of the
constituent phospholipids. Variations in length and the degree of unsaturation of the acyl
chains, charge on the headgroup, and geometric shape of the molecule (head group size
vs. hydrocarbon chain volume) are a few of the factors that can have an impact on the
properties of the bilayer. Furthermore, the inclusion of cholesterol in the bilayer has a
membrane stabilizing effect and has been shown to reduce the molecular surface area of
the phospholipids, reduce membrane permeability, alter lateral diffusion of lipids in the
2 1 23
bilayer, and modulate acyl chain order.
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oFigure 3.2 Vesicles are formed from the dispersion of phospholipid in water. A variety
of techniques have been developed for making different types of vesicles (MLV's,
SUV's, or LUV's) Top: Chemical structure ofDOPC (dioleoylphosphatidylcholine) and
molecular model drawn using Cerius.
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Several properties of vesicles make them suitable candidates for use in drug
delivery. The separation of aqueous compartments by non-polar bi layers allows the
entrapment of drugs, proteins, and other biologically active substances. 24 In addition, the
hydrophobic bi layers can be utilized to intercalate lipophilic molecules (i.e. Amphotericin
B). In vivo studies have demonstrated that liposomes are biodegradable, biocompatible,
nontoxic, and non-antigenic, so that their use in the body is amenable. 25
Liposomal Drug Delivery
For many treatments, the use of liposomes as carriers for theraputic agents has
afforded several benefits over the administration of the free drug. The encapsulation of
certain drugs into vesicles has led to increased healing efficacy along with a decrease in
the toxic side effects. Furthermore, liposomes can protect drugs from degradation, act as
a sustained release system, or localize the drug at the disease site. 26
A key discovery in the development of liposomal drug delivery was the
engineering of Stealth® Liposomes. The circulation lifetime of liposomes was prolonged
by the use of the glycolipid monosialoganglioside (GM i) or the use of a derivative of
28
phosphatidylethanolamine bearing polyethylene glycol (PEG-PE). These liposomes
alter the biodistribution of the drug by evading uptake by the MPS, and extravasating via
the fenestrated capillaries which are present at the disease site. The enhancement by use
of long circulating liposomes is a form of passive targeting, and further improvements in
drug delivery can be made by actively targeting disease sites with the use of ligands on
the surface of the liposome.
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Haung and coworkers incorporated monoclonal antibodies into fatty acid side
chains of pH sensitive liposomes to construct immunoliposomes that were able to deliver
theraputic agents and DNA to the cytoplasm of target cells. 29 In addition, antibodies have
been coupled to the distal ends of PEG-PE lipid and were shown to effectively target
antigens present on several types of tumor cells. 30
"32 A number of in vivo studies have
been performed with the use of antibody tagged liposomes, and selective binding to the
ligands presented by lung tumors,33 '34 B-cell lymphomas, 35 and human breast tumors36
has been achieved through the use of these immunoliposomes.
A limiting factor in the treatment efficiency of some drugs is their inability to be
delivered across membranes into the cytosol of the cell. In addition, once in the cell, the
intracellular trafficking of drugs is especially critical to those that are susceptible to attack
by lysosomal enzymes. When material is taken into the cell by constitutive endocytosis,
it is enclosed in a portion of the plasma membrane that pinches off to form an
intracellular vesicle, known as an endosome. The engulfed material travels along the
endocytotic pathway in the cell in which there is a continuous pH drop in the lumen of the
endosome due to the action of ATP driven H+ pumps. Early endosomes (pH -6.5) are
usually just beneath the plasma membrane and progress to late endosomes (pH -6.0) as
the material moves toward the Golgi apparatus or nucleus of the cell. Late endosomes
fuse with lysosomes, which are membranous bags of hydrolytic enzymes (mostly acid
hydrolases) that digest the material brought into the cell (Figure 3.3). It is often
desirable to deliver materials brought into the cell at the endosomal stage before fusion
with the lysosome occurs. A variety of systems for intracellular delivery have been
developed, among which the most common has been the pH sensitization of liposomes.
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Figure 3.3 The endocytotic pathway. Cells can take up small molecules through a
process called endocytosis or larger particles (i.e. liposomes) via phagocytosis. The
injested material travels into the cell in an intracellular vesicle (endodome or phagosome)
until fusion with a primary lysosome occurs. Primary lysosomes bud offof the golgi
apparatus and contain hydrolytic enzymes that digest internalized material. For many
drug delivery applications, it is desirable to deliver contents to the cytosol before fusion
with the lysosome occurs. pH responsive liposomes are often utilized for intracellular
release because ofa continual drop in pH that occurs along the endocytotic pathway.
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The utilization of responsive liposomes to transfer non-penetrating molecules, such as
genes, recombinant proteins, and anti-sense oligonucleotides, into the cytoplasm where
they are active has been effective. 2
Responsive Liposomes
Strategies for the design of responsive liposome systems can utilize the lipid
constituents of the membrane or other molecules (most commonly macromolecules) that
disrupt the membrane in response to various stimuli (Figure 3.4). The use of
phospholipids that form nonlamellar phases under certain conditions can be used for
membrane destabilization. 37,38 Diacyl lipids that are prone to cleavage of one of the acyl
chains can also act as permeabilizing agents. 39,40 Furthermore, inclusion of defect
forming molecules in the membrane can effect membrane permeabilization.41 Kano and
coworkers showed that an azobenzene salt included in a PC bilayer could disrupt the
membrane on exposure to UV light. 42 In addition, cholesterol hemisuccinate (CHEMS)
has been used to destabilize PE vesicles at low pH, which is attributed to the protonated
form of CHEMS forming the hexagonal II phase.43
Many responsive liposome systems have been prepared with the use of
macromolecules that interact with bilayer membranes. One approach to such systems
involves synthesis of model peptides based on the putative fusion domains of known
fusogenic proteins. For example, a 30-residue amphipathic peptide with a repeat unit of
Glu-Ala-Leu-Ala has been shown by Szoka and coworkers to destabilize
phosphatidylcholine (PC) membranes and to cause release of encapsulated contents in a
pH-dependent fashion.
44
Bailey et al. prepared a 21 -amino acid peptide (AcE4K) based
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Figure 3.4 Strategies used in the engineering of responsive liposomes, Permeabilizing
agents can be used free in solution, bound covalently to a lipid head group, or anchored in
the membrane with a hydrophobic anchor. Furthermore, membrane disrupting molecules
can be solubilized in the bilayer, or phase changing lipids can be used as a constituent of
the bilayer. All these strategies have been used to make membranes which respond to
pH, temperature, light, osmolality, and dissolved solutes.
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on the fusion protein of the influenza virus, ligated the peptide to a lipid anchor, and
demonstrated acid-induced destabilization and fusion of PC vesicles that contained the
lipopeptide
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In another study, a short, negatively charged, amphipathic peptide (WAE
11) induced "leakless" fusion of positively charged large unilamellar vesicles (LUVs),
when anchored to the membrane surface 46 47 In addition, fusion proteins involved in
fertilization are well studied and peptides representing the fusion domains of the sperm
surface proteins fertilin48 and PH-30,49 have been shown to induce fusion of LUVs.
These studies on synthetic peptides have led both to responsive liposome systems and to
enhanced understanding of the molecular mechanisms of protein-induced membrane
fusion.
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A second approach to responsive liposomes involves the use of non-peptide, water
soluble synthetic polymers. Poly(ethylene glycol) (PEG) is a hydrophilic polymer that
causes dehydration of membrane surfaces, forcing close contact and fusion between
membranes. As a result, PEG has been widely used to mediate cell-cell fusion and in the
fusion injection of macromolecules into cultured cells from erythrocytes or liposomes. 51
Furthermore, synthetic polyelectrolytes have been shown to alter membrane properties in
response to changes in pH. The pH-dependent complexation of several poly(carboxylic
52 55
acid)s with phospholipid vesicles has been well characterized. " Poly(acrylic acid)
[PAA, la] and poly(methacrylic acid) [PMA, lb] have been shown to modify PC vesicles
upon acidification by increasing the gel to liquid-crystalline phase transition temperature
(Tm),
53,54 by inducing aggregation,
55
and by increasing the permeability of the bilayer
toward small molecules.
55,56 PAA-conjugated liposomes have been used for intracellular
delivery, and it has been shown that such liposomes are internalized and digested in the
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acidic compartment of cultured RAW macrophages at faster rates and at higher levels
than unmodified PC liposomes. 57 Another type of pH-sensitive liposome was made by
anchonng succinylated poly(glycidol) [2] into a PC membrane. These liposomes were
shown to fuse under acidic conditions58 and to enhance the cytoplasmic delivery of
encapsulated calcein.59
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The interaction of the hydrophobic polyelectrolyte, poly(2-ethylacrylic acid)
[PEAA, lc] with PC membranes has been studied extensively in this laboratory 6 This
system has been tailored to create vesicles that respond to pH,52 temperature,52 light
intensity,
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'
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and concentration of a solute such as glucose.62 Encapsulated material is
released rapidly and quantitatively upon membrane destabilization. PEAA undergoes a
conformational transition from an expanded coil to a more compact structure upon
f 1
acidification in aqueous solutions. " This conformational transition induces membrane
leakage at low concentration (<3% w/w PEAA/lipid), while at higher concentrations
(50% w/w PEAA/lipid), the polymer is responsible for structural reorganization from
membrane vesicles at high pH to mixed polymer-lipid micelles at low pH (Figure 3.5).
6
Although PMA has been shown to solubilize simple hydrocarbons,64 the ability of PEAA
to cause membrane reorganization distinguishes PEAA from its less hydrophobic
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Figure 3.5 Top: Sequence of steps that show PEAA becoming surface active as the pH
is lowered and eventually leading to complete reorganization of the membrane into mixed
micelles (50% w/w PEAA/lipid). A) Negative stain electron micrograph of early stages
of structural reorganization ofPEAA/DPPC mixture below Tm . Small stacks of mixed
micelles are protuding from the surface of the vesicles. B) Electron micrograph of stacks
of mixed polymer lipid micelles after the structural reorganization. Micelles appear as
disc-like structures with a thickness of 54+6 A and a diameter of 1 60+50 A. [A and B are
reprinted with permission from ref. 76, Copyright 1988 American Chemical Society]
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counterparts (PAA and PMA), which show no ability to solubilize lecithin membranes at
any pH. 56
For applications such as targeted drug delivery, one would like to be able to tune
the pH at which release of contents takes place. This would allow for delivery of
encapsulated materials to intracellular destinations that maintain different degrees of
acidity. The advantage of synthetic polymers for this application is that they can be easily
made and rationally engineered to have a wide range of pH induced membrane disrupting
profiles. By varying the compositions of copolymers of EAA and methacrylic acid
(MAA), the pH response of acidic polyelectrolytes (and of the corresponding polymer-
lipid mixtures) can be adjusted. Increase of the MAA content in the copolymer causes a
reduction in the destabilization pH, e.g., from 6.5 for PEAA to 5.7 for a 50/50 copolymer
of MAA and EAA (in 50 mM phosphate buffer). 56 Furthermore, variations in molecular
weight' and in tacticity * have been shown to affect the pH response of PEAA and its
interactions with membranes.
In this study we demonstrate for the first time that PEAA induces membrane
fusion. This behavior is in contrast to the behavior of PAA and PMA, which cause vesicle
aggregation at low pH. Membrane destabilization and fusion are characterized by optical
density measurements, by transmission electron microscopy, and by lipid mixing and
contents release assays. We report the effects of molecular weight and concentration of
PEAA on membrane fusion and contents release. Furthermore, intracellular release of
calcein from endosomes is demonstrated using confocal fluorescence microscopy.
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Experimental Section
Materials
Diethyl ethylmalonate, diethylamine, Triton X-100, fluorexon (calcein),
ammonium molybdate, Sephadex G-50-150, and Fiske and SubbaRow reagent were used
as received from either Aldrich Chemical Co. or Sigma Chemical Co.
Azobis(isobutyronitrile) (AffiN) was purchased from Aldrich and recrystallized from
methanol. Formaldehyde solution (37% w/w), uranyl acetate, and cellulose dialysis
tubing (Spectra/Por 6, MWCO 1000) were purchased from Fisher Scientific Co. L-a-
phosphatidylcholine (EYPC), L-a-phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-l,3-
diazole) (NBD-PE), and L-a-phosphatidylethanolamine-N-(lissamine rhodamine B
sulfonyl) (Rh-PE) were obtained from Avanti Polar Lipids. Human Jurkat cells were
obtained from American Type Culture Collection (ATCC). Fetal bovine serum and
DMEM:F-12 culture medium were purchased from Gibco BRL.
Synthesis and Solvent Fractionation of Poly(2-ethylacrvlic acid)
2-Ethylacrylic acid (EAA) was prepared from diethyl ethylmalonate as previously
described.
61 EAA was vacuum distilled (bp 50°C / 1 mm Hg) and placed in ampules.
AIBN (5 mol%) was added and the ampules were subjected to four freeze-degas-thaw
cycles and sealed under vacuum. Polymerizations were run in bulk at 60° C for 24 hours.
The resulting slurry was dissolved in methanol and precipitated into diethyl ether. The
precipitated polymer was collected by filtration, dissolved in pH 9 phosphate buffer, and
dialyzed against water for 4 days in cellulose dialysis tubing (MWCO = 1000).
50
Solvent fractionation was used, with methanol and diethyl ether as solvent and
nonsolvent respectively, to provide samples of various molecular weights and reduced
polydispersily.
66 PEAA was dissolved in methanol at a concentration of 50 mg/mL and
precipitated by slow dropwisc addition of ether while stirring vigorously. Successive
fractions of the polymer were precipitated by taking the filtrate (or the supernatant) and
adding more ether. Fractions insoluble in mixtures of diethyl ether and methanol with
cthcr-to-methanol ratios of 1:1, 2:1, 6:1, 10:1, and a final fraction that was soluble in the
10:1 mixture, were isolated.
Molecular Weight Determination
Molecular weights of fractionated samples were determined by aqueous gel
permeation chromatography (GPC) using two PL aquagel-OH columns (PL aquagcl-OI I
30, PL aquagel-OI I 40, Polymer Laboratories) and a differential rcfrac tometer.
Calibration was performed by using five poly(elhylcne oxide) (PEO) standards of narrow
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molecular weight distribution and molecular weights ranging from 10 to 10 (Waters).
PEAA was dissolved in pi I {) phosphate buffer (0.034 M) at a concentration of 2 mg/ml.
The buffer contained 0.3 M NaCl to suppress coil expansion. ' Molecular weight data for
the samples used in this study arc listed in Table 3. 1
.
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Table 3.1 Molecular Weights3 of PEAA Samples Obtained from Solvent
Sample Mw Mn PDI
Unfractionated 16,600 8,900 1.9
1:1 24,900 16,700 1.5
2:1 10,400 8,400 1.2
6:1 7,300 6,500 1.1
10:1 6,300 5,400 1.1
Soluble 5,300 4,700 1.1
Ratios in the sample column refer to the ether: methanol ratio used to precipitate
each fraction.
Vesicle Preparation
Chloroform solutions of lipids were dried with a stream of nitrogen; residual
solvent was removed by placing the sample under vacuum for 3 hours. Dried lipid films
were hydrated with aqueous NaCl of the appropriate osmotic strength (approximately
equal to that of the phosphate buffered PEAA solutions) or 200 mM calcein for the
release measurements, and vortexed. LUVs were prepared from this turbid suspension of
MLVs by using a high pressure extruder (Lipex Biomembranes, Inc.), and 100 nm
polycarbonate filters (Millipore).
17
Labelled MLVs for the fusion assay were subjected to
five freeze-thaw cycles to ensure homogeneous mixing of the lipid constituents. The
concentration of the lipid in the final extruded mixture was measured using the
phosphorus assay of Bartlett.
Preparation of PEAA Solutions
A stock solution of PEAA in methanol was prepared at a concentration of 200
mg/mL. PEAA solutions at concentrations of 2 mg/mL and pH values ranging from 5.5
to 8.5 were made by adding 50 uJL of the stock solution to appropriate ratios of
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monobasic and dibasic phosphate buffers (100 mM) to give 5 ml total volume.
Dissolution of PEAA in buffers was best achieved by addition of the stock solution to the
dibasic phosphate buffer followed by addition of the required volume of monobasic
buffer. The 2 mg/mL PEAA solutions were used to prepare less concentrated samples by
dilution with polymer-free phosphate buffers.
Optical Density Measurements and Electron Microscopy
Optical density measurements were carried out on mixtures of extruded EYPC
vesicles and PEAA, both at concentrations of 1 mg/mL in phosphate buffers ranging from
pH 5.5 to pH 8.5. The optical density was recorded at 400 nm on a Hitachi U-2000
spectrophotometer. Samples for electron microscopy were prepared by taking a 5 u,L
drop of the vesicle/PEAA solution and placing it on a carbon coated copper grid. The
sample was then stained with uranyl acetate (0.05%-2% w/w).
Fusion Assay
Membrane fusion was monitored by the decrease in resonance energy transfer
(RET) resulting from dual probe dilution.
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Extruded EYPC vesicles were prepared with
1 mol% each of NBD-PE and Rh-PE. Unlabeled EYPC vesicles were mixed with
labelled vesicles at a ratio of 3: 1 and fusion was monitored by an increase in the intensity
of the NBD-PE emission at 530 nm (excitation 468 nm). Samples were prepared in
phosphate buffers ranging in pH from 5.5 to 8.5, each having a final lipid concentration
of 50 (xM, and a PEAA concentration between 3.12 ng/mL and 125 ug/mL.
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Percent fusion was calculated for each point along the pH axis from equation 1
:
iff T7- . Fmeas - Fo AF% Fusion = - _ xl00 = ^-xl00 (1)
where Fmcas is the fluorescence intensity of NBD-PE at 530 nm, F0 is the fluorescence
intensity in the quenched state, and Fmax is the fluorescence intensity achieved by infinite
probe dilution, determined by addition of 40 uL of 100 mM Triton X-100. The value of
Fmax obtained by preparation of liposomes with a total lipid composition corresponding to
the 3:
1 ratio of unlabelled to labelled vesicles was within 10% of the value obtained after
addition of detergent.
Contents Release
Efflux of calcein from phosphatidylcholine vesicles was observed by fluorescence
spectroscopy.
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Calcein-loaded vesicles were prepared by hydrating 40 mg of EYPC with
2 mL of 200 mM calcein solution. Vesicles were extruded and run over a Sephadex G-
50-150 column to separate loaded vesicles from unentrapped calcein. Samples were
prepared in phosphate buffers ranging in pH from 5.5 to 8.5 with a lipid concentration of
50 uM and a PEAA concentration between 0.625 |ag/mL and 125 u,g/mL. Efflux of
calcein was monitored by an increase in fluorescence emission at 525 nm (excitation 495
nm). Percent release was calculated as (AF/AFmax)xl00, where the maximum
fluorescence intensity was given by the complete release of encapsulated calcein caused
by addition of 40 U.L of 100 mM Triton X-100.
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Data Analysis
The lipid mixing and contents release data were fit to logistic functions using
Sigma Plot. The position of the maximum in the first derivative of the logistic function
was taken as the transition pH.
Intracellular Release
(Research done in collaboration with the laboratory of Professor Mark Wilson,
University of Wollongong, Australia.) Human Jurkat cells were grown in 10% (v/v) fetal
bovine serum in DMEM:F- 12 culture medium at 37° C and 5% (v/v) C0 2 in air. Cells
were washed with phosphate buffered saline (PBS, pH 7.4), centrifuged, and then
incubated in 0.5 mL of a buffer (145 mM NaCl, 5 mM KC1, and 0.5 mM HEPES, pH 7.4)
containing 2 mg/ml calcein and 5 uJVl PEAA (1:1 Fraction). PEAA was excluded in a
control experiment. Cells were incubated in buffer containing calcein for 20 minutes at
37° C, then washed three times with PBS buffer and returned to fresh culture medium and
held in a CO2 incubator for a period of hours. Aliquots of cells were drawn from the
media at fixed times and examined by fluorescence confocal microscopy using a LEICA
TCS SP confocal system with a LEICA DM IRBE inverted microscope.
Results and Discussion
PEAA has been shown to bind to PC membranes in a pH dependent manner, and
at high enough concentrations (-50% w/w PEAA/lipid), to cause complete structural
reorganization from membrane vesicles to mixed polymer-lipid micelles.
6
In our
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previous work, membrane reorganization was monitored by optical density
measurements on MLVs (100 nm to 10 urn) produced by vortex hydration of dried lipid
films. A smooth transition is observed when the pH of a suspension of MLVs in aqueous
PEAA is reduced, producing an optically clear solution of polymer-lipid micelles (Figure
3.6).
When we repeated experiments of this kind using extruded LUVs, we observed an
abrupt increase in optical density prior to clarification of the suspension (Figure 3.6).
Such a rise in optical density constitutes evidence either for vesicle aggregation or for
vesicle fusion. The increase in optical density was stable over several days at room
temperature, indicating that the aggregates or fused vesicles were not transient
intermediates in the vesiclc-to-micelle transition.
Electron Microscopy
Transmission electron microscopy (TEM) on PEAA/EYPC mixtures obtained
from optical density experiments provided clear evidence of membrane fusion. Particular
attention was given to the mixture prepared at pH 6.1, which showed the highest
turbidity; in this sample TEM revealed a fivefold increase in the apparent diameter of the
vesicles (Figure 3.7). Figure 3.7 A shows that vesicles prepared in PEAA solutions at pH
8.3 are ca. 100 nm in diameter, consistent with the fact that they were extruded through
100 nm pores.
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After vesicles are added to a PEAA solution at pH 6.1, vesicle size
increases with time to a final average diameter of 500 nm (Figures 3.7 B-F).
The staining behavior of PEAA/EYPC mixtures also provides insight into the
interaction between PEAA and the vesicle membrane. Typically negative staining of PC
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Figure 3.6 Turbidity measurements on mixtures of EYPC vesicles and PEAA, both at
concentrations of 1 mg/mL. As the pH is reduced, MLVs undergo a smooth turbidity
transition, while LUVs show a large increase in optical density prior to clarification.
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Figure 3.7 TEM micrographs of PEAA/EYPC vesicle mixtures stained with uranyl
acetate at: B) 20 min, C) 50 min, D) 90 min, E) 180 min, and F) 1440 min after mixing at
pH 6.1. A) Control sample prepared at pH 8.5, where the polymer-lipid interactions are
weak or absent.
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vesicles with uranyl acetate requires concentrations of 1-2% of the stain. 71 But because
uranyl acetate stains PEAA very effectively, at pH values (<6.5) where PEAA interacts
with the surface of the membrane, the concentration of uranyl acetate in the staining
solution had to be significantly reduced (to ca. 0.05% w/w uranyl acetate/buffer) to avoid
heavy staining of the entire vesicle surface.
Lipid Mixing and Release of Vesicle Contents
Membrane destabilization caused by interaction of PEAA with the phospholipid
bi layer was characterized further by monitoring fusion of vesicles by a lipid mixing assay,
and permeability of the bilayer by a contents-release assay (Figure 3.8). Lipid mixing was
monitored by the loss of resonance energy transfer between the fluorescently labelled
lipid probes NBD-PE and Rh-PE. Figure 3.9 shows the fluorescence emission spectra
obtained during a typical lipid mixing assay. At pH 8.3, the fluorescence of NBD-PE at
525 nm is quenched via resonance energy transfer to Rh-PE. As the pH is lowered below
6.5, fusion is induced and more bilayer area becomes available for dilution of the
chromophores. This leads to an increase in the NBD-PE emission at 525 nm and a
corresponding decrease in the fluorescence of Rh-PE at 585 nm. Fifty percent fusion
occurs by pH 6.25 and fusion is complete (100%) by pH 6.0.
Although PEAA has long been known to cause release of vesicle contents and
lipid reorganization from vesicles to mixed micelles, this is the first demonstration of the
ability of the polymer to induce membrane fusion. This behavior is different from that of
PAA and PMA, both of which induce vesicle aggregation upon acidification of the
medium. 54,55
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rmax - Fo AFmax
Fmeas ~ measured fluorescence intensity
F0 = baseline fluorescence intensity
Fmax = maximum fluorescence intensity by infinite probe dilution
Figure 3.8 Fusion and contents release assays. (Top) The extent of membrane fusion
was determined utilizing a lipid fusion assay, in which lipids present in labeled vesicles
are in close proximity and there is sufficient resonance energy transfer. When labeled
vesicles fuse with unlabeled ones, the fluorescent probes diffuse apart and the
fluorescence signal of the donor fluorophor is increased. (Bottom) Membrane
permeability was studied with a calcein release assay in which calcein is encapsulated
at
a concentration where its fluorescence is quenched and release from the
lumen of the
vesicle can be monitored by increase in fluorescense.
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Figure 3.9 Fluorescence emission spectra of mixtures of PEAA and EYPC vesicles
[containing 1 mol% of each NBD-PE (donor) and Rh-PE (acceptor)] at 6 pH values. At
high pH, the fluorescence of NBD-PE at 525 nm is quenched by resonance energy
transfer to Rh-PE. As the pH is lowered, the fluorescent probes diffuse apart and an
increase in NBD-PE fluorescence is observed, along with a decrease in the Rh-PE
emission at 585 nm.
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In biological fusion events such as endocytosis, viral infection, or fertilization,
membrane-bound proteins and glycoproteins mediate so-called "leakless" fusion. In
model membrane systems created either with synthetic polymers or with biologically
derived peptides, there are few reports of such leakless fusion events. Comparison of the
fusion and contents-release events triggered by PEAA shows that fusion in this system is
preceded (or accompanied) by essentially complete leakage of a marker dye (calcein)
entrapped in the vesicular interior. The results from the fusion and contents release
assays are presented in Figures 3.10 and 3.1 1.
• Molecular Weight Effects. Figures 3.10 A and 3.10 B show the effects of the
molecular weight (MW) of PEAA on the location of the transitions for fusion and for
contents release, respectively. As shown in figure 3.10 A, the highest MW fraction of
PEAA causes 50% fusion by pH 6.25; the transition midpoint shifts to lower pH values
(ultimately to pH 5.5) as the MW of the polymer is decreased. The release study shows a
similar dependence on MW; however, release occurs at pH 6.94 for the highest MW
fraction and at pH 6.5 1 for the lowest MW fraction. In all cases, release of encapsulated
calcein occurred at pH values 0.4-1.0 pH units higher than those required for fusion.
Table 3.2 summarizes the results of the fusion and contents release assays. Because these
results preclude leakless fusion, contents mixing assays were not performed.
Table 3.2 Molecular Weight Dependence of Transition Midpoints for Fusion and
Contents Release
Sample Transition PH Release pH -
Fusion Calcein Release Fusion pH
Unfractionated 6.18 6.61 0.43
1:1 6.25 6.94 0.69
2:1 5.97 6.66 0.69
6:1 5.94 6.61 0.68
10:1 5.74 6.59 0.86
Soluble 5.55 6.51 0.96
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Figure 3.10 Effects of PEAA molecular weight on A) fusion and B) contents release.
Samples were prepared as J. J/1 w/w mixtures of PEAA to lipid. Release oi encapsulal
materia] occurs at pi I values 0.43 0.96 pi I units higher than those required for
fusion (s
Table 2).
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Figure 3.11 Effects of PEAA concentration on A) fusion and B) contents release.
Percentages shown represent the weight of PEAA compared to lipid. The extent of
membrane fusion is reduced as the concentration of PEAA is lowered below 100% and is
not detected below concentrations of 16.5%. Release of encapsulated calcein is efficient
down to low concentrations of PEAA; 80% release is observed at concentrations as low
as 1.65%.
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The effects ofMW on fusion and release are in good agreement with previous
results on the effect ofMW on the solution conformation properties of PEAA. 65,66 The
interaction of PEAA with bilayer membranes is modulated by its ionization behavior, and
lower MW chains behave as stronger acids than their higher MW counterparts in the
conformational transition region.66 72 The increased ionization of the shorter chains at a
given pH enhances the water-solubility of the polymer and reduces the interaction of
PEAA with the membrane surface.
• Concentration Effects. In Figure 3. 1 1 , the effects of PEAA concentration on
fusion and release are shown. Lipid concentrations were confirmed by phosphorus
analysis,
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which showed that negligible lipid loss occurred during the extrusion process
(phosphate contents of vesicle preparations were within 4% of the expected values based
on the weights of the phospholipid used). Figure 3. 1 1 A shows the effect of PEAA
concentration on fusion. As the concentration of PEAA is decreased, the transition
midpoint shifts slightly toward lower pH values (e.g. from pH 6.27 at 330% PEAA to
6.10 at 33% PEAA). Furthermore, as the concentration is reduced to ca. 100 wt% PEAA
to lipid, depressed levels of fusion are observed and at concentrations <16.5% PEAA,
fusion does not occur. In Figure 3.1 1 B, the effect of concentration on contents release is
shown. Although there is a slight shift of the transition midpoint toward lower pH as the
concentration of PEAA is decreased, efficient release occurs even at very low levels of
PEAA. As little as 1.65% PEAA causes significant release of calcein (-80%). Table 3.3
summarizes the effects of concentration of PEAA on membrane fusion and contents
release.
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Included in Table 3.3 are the results of calculations that give the molar ratios of
PEAA to lipid, as well as the number of PEAA strands per vesicle, at the concentrations
examined. These calculations assumed vesicles of 100 nm in diameter, 70 A2 as the area
per lipid molecule in the bi layer, and molar masses of 760 g/mol and 20,000 g/mol for
EYPC and PEAA, respectively. As few as 50-100 chains of PEAA are sufficient to cause
efficient release of vesicle contents upon mild acidification. This result is consistent with
single channel recording experiments reported previously, which showed that even a
single molecule or oligomer of PEAA can induce pore formation in artificial bilayer
membranes in a pH-dependent fashion. 73
Table 3.3 Concentration Dependence3 of Transition Midpoints for Fusion and
Contents Release
Concentration Transition pH PEAA Molecule 15 PEAA Strands0
wt % PEAA/EYPC Fusion Calcein Release Lipid Molecule per Vesicle
330 6.27 6.94 1:8 10,600
98 6.25 1:27 3100
66 6.23 6.70 1:40 2100
33 6.10 6.68 1:80 1100
16.50 no fusion 6.67 1:160 530
8.25 no fusion 1:320 270
3.30 6.66 1:800 110
1.65 6.66 1:1600 55
a
l:l fraction was used for the concentration study
b
Ratios based on molar masses of 760 g/mol and 20,000 g/mol for lipid and PEAA,
respectively.
cNumber based on assumption of above molar masses, vesicles of 100 nm in diameter,
0 2
and area per lipid in a bilayer = 70 A"
Intracellular Release
PEAA effected intracellular release of calcein in Human Jurkat cells. Figure 3.12
shows fluorescence confocal microscopy images demonstrating endosomal release of
calcein into the cytosol of the cell. One to three hours after uptake of PEAA, there is
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Figure 3.12 Endosomal release of calcein detected by confocal microscopy. Human
Jurkat cells (HJC) are incubated in a buffer containing 2 mg/ml calcein and 5 j^M PEAA
for 20 minutes before being returned to normal culture medium. A) Fluorescence image
of a HJC in a control sample (no PEAA present 10 hours after loading). Fluorescence
images of HJCs B) 3 hours C) 6 hours (2 cells) and D) 10 hours after loading. (Images
provided by Professor Mark Wilson)
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noticeable fusion of endosomal vesicles (Figure 3.12 B). Disruption of endosomal
vesicles is detected six to ten hours after PEAA uptake as leakage of calcein into the
cytosol causing an increase in diffuse fluorescence in the lumen of the cell (Figure 3.12 C
and D). A control experiment was performed in which cells were loaded with calcein in
the absence of PEAA, and the calcein was retained in the endosomal vesicles 10 hours
after uptake (Figure 3.12 A). PEAA's activity appears to occur at the endosomal stage as
lysosomal disruption was not detected by flow cytometric analysis of cells stained with
acridine orange, which is a common assay used for lysosomal bursting.
Conclusions
PEAA induces fusion of phosphatidylcholine LUVs upon acidification in aqueous
solution. Transmission electron microscopy shows a large increase in the size of the
vesicles when the pH of a PEAA/EYPC mixture is lowered to 6.1, which coincides with
the abrupt increase in optical density. Fusion and release of encapsulated material were
studied with a lipid mixing assay and a contents release assay, respectively. Fusion and
contents release were observed to depend upon MW and concentration of PEAA; both
events shifted to lower pH values with a reduction in MW or concentration. Release of
contents occurred at pH values 0.4 to 1.0 pH units higher than those required for vesicle
fusion. Furthermore, PEAA induced intracellular release of a fluorescent dye which was
detected using confocal fluorescence microscopy.
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The above properties make PEAA a candidate for use in the development of
functionalized drug carriers for pharmaceutical applications. Future work will locus on
PEAA-conjugated liposomes that have been developed in this laboratory74 '75 and will
examine their efficacy as intracellular delivery vehicles.
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CHAPTER 4
GIANT UNILAMELLAR VESICLES AS TEMPLATES FOR NANOMETER AND
MICRON SIZED HYDROGEL FILAMENTS
Introduction
It has been over 40 years since fellow Caltech scientist, Richard Feynman
presented his vision of the coming era of nanotechnology in his lecture entitled "There's
Plenty of Room at the Bottom." 1 Forty years of progress on the synthesis, manipulation,
and modification of nanometer sized materials, along with developments in
instrumentation for probing their properties, have made Feynman' s prediction a reality.
Continued development in the production of micro- and nanometer sized materials can
have broad ranging applications in materials and biomedical science, electronics, optics,
energy storage, and catalysis. Structures with reduced dimensions often display novel
electronic, optical, magnetic, catalytic, and mechanical behavior when compared to the
bulk material. A variety of techniques for the fabrication of nanoscale materials have
been developed in which the final structure can be carved out of the bulk material (top
down) or can be assembled from its constituent atoms or molecules (bottom up).
Chapter three describes studies of the mechanical properties of cross-linked
polymeric filaments made via a membrane templating approach developed previously in
our laboratory.
3
Giant unilamellar vesicles ( >20 |im in diameter) are used to encapsulate
a water soluble macromonomer that when photocrosslinked creates a rigid cast of the
membrane template. Long nanotubes of fluid-lipid bilayers can be extracted from a
micropipette-held feeder vesicle that is brought into adhesive contact with a rigid
75
substrate. The nanotube diameter is precisely controlled in the range from 20 to 200 nm
by setting the suction pressure in the micropippette with the use of a precision
manometer. The versatility of this method allows formation of bilayer tubes in the
micron size range as well. Micron-sized tubes form spontaneously by slow dehydration
of giant unilamellar vesicles, or by shearing a micropipette-held vesicle in a flow field or
against another filament present in the micromanipulation chamber. The shearing
technique is used to prepare dumbbell shaped structures in which a nanometer or micron
sized conduit connects two larger spherical reservoirs. The resulting structure can be
photocrosslinked to produce a hydrogel dumbbell. In a recent paper, Karlsson and
coworkers created an elaborate network of nanotubes and liposomes (array of dumbbells)
by the mechanical fission of surface immobilized liposomes with a carbon fiber.4
Mechanical characterization of filaments was performed on dumbbell shaped
structures using hydrodynamic drag. After fabrication, the dumbbell is transferred to a
larger glass capillary where the flow rate can be controlled with the use of a precision
manometer. The smaller end of the dumbbell is held rigidly with a micropipette and the
hydrodynamic drag of the fluid rushing over the larger end exerts a force on the
polymeric filament. The extension of the filament can be measured on the microscope
and the stress vs. strain data for the filament can be obtained. The drag force acting on
the sphere can be calculated using a modified form of the Stokes drag equation that is
corrected for the increase in viscous drag that the sphere experiences when confined
inside a cylinder.
5 Computational fluid dynamic calculations were performed to show
that the modified Stokes equation was in good agreement with the drag force on the
sphere solved computationally (within 10%). Furthermore, calculations showed that the
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objects upstream from the spherical end of the dumbbell (holding pipette and filament)
had a negligible effect on the flow rate inside the capillary (<5%).
Polyethylene glycol) dimethacrylate [PEGDMA] was the macromonomer used in
this study, because cross-linked multimethacrylates form elastic networks that are widely
used in applications where strength and shape stability are required. 6 We were
particularly interested in the effects of crosslink density and polymer concentration on the
mechanical properties of the hydrogel filaments. Therefore, a series of polymers
designated PEGDMA(n) (where n = 1000, 4600, 10000, or 20000 and gives the
molecular weight of the PEG chain between polymerizable groups) was synthesized by
reaction of methacryoyl chloride with the corresponding a,co-dihydroxy terminated
PEGs. Complete conversion of the hydroxyl endgroups to methacrylates was evidenced
by MALDI mass spectroscopy. Mechanical moduli of bulk hydrogels were determined
using an instron, and are compared to the values obtained on templated filaments using
the streching technique that is described above.
Nanoscale Fabrication
Over the last decade, there has been a great deal of development in the production
of meso- and nanoscale structures. Techniques for the formation of these structures are
often categorized into two different approaches. The first is an "engineering down"
approach, in which small structures are carved out of a bulk material. Techniques for
preparing structures using this approach include ion milling, chemical etching, and
lithographic methods.
7 The best resolution has been obtained by lithography using high
energy radiation such as an e-beam or x-ray beam to develop the resist material (-10 nm).
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Potentially more versatile, an "engineering up" approach relies on molecular self-
assembly, where molecules tend to align or order themselves into energetically stable
structures. These structures can often be subsequently processed to yield a desired
property. There are several good reviews on the use of molecular self-assembly to
produce nanostructures. 810
The self-assembly of carbon nanotubes has been extensively studied, and a variety
of techniques have been developed for their production. Researchers are now gaining
control over the diameter, number of concentric shells, and chirality of the formed
11 12
tubes. ' Nanotubes and nanowires have also been fabricated from a number of
inorganic compounds which include silicon, 13 germanium, 14 and boron nitride. 15 In
addition, the production of graphitic nanowires has been reported by the columnar self-
assembly of peripherally substituted large aromatic macrocycles. 16
There are many cases where nanostructures of a given material are not directly
obtainable, but templating procedures have been developed for their production.
Templates that have been utilized include track-etch membranes, porous alumina, block
copolymer films, lipid tubules, and carbon nanotubes. These templates have been used to
form nanometer-sized fibrils, rods, and tubules out of conducting polymers, metals,
semiconductors, carbon, and inorganic oxides. In one study, Gin and coworkers used
lyotropic liquid-crystalline monomers that form hexagonally packed aqueous channels to
template fibers of poly(p-phenylene vinylene) (PPV) from its water soluble precursor.
17
Martin and coworkers have developed a templating procedure where nanofibrils and
nanotubes are formed inside the pores of track-etch membranes. These polycarbonate or
polyester membranes have been used to template metals,
18
semiconductors,
19
and organic
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conductors such as poly(pyrrole),20 polyO-methylthiophene), 21 and poly(aniline). 22 An
increase in conductivity of these polymers in confined geometries is reported and is
attributed to an increase in supermolecular order in the pores, which in turn increases the
conjugation length. 23 '24
Alumina membranes formed by the anodic oxidation of aluminum metal in strong
acids are used to template materials. These membranes are generally thicker, have a
higher pore density, along with a more ordered pore-structure when compared to the
"track-etch" membranes. 25 '26 Highly ordered templates can also be formed by phase
separation of thin diblock copolymer films. Morphology can be controlled by the chain
length of the individual blocks, and periodic arrangements of lamellae, cylinders, and
spheres can be patterned. These arrays have been transferred onto underlying
28
substrates. Furthermore, morphology can be controlled by external influences. For
example, the microdomain orientation of cylinders has been controlled by application of
29
an electric field. Recently, these aligned block copolymer films have been used for the
electrodeposition of ferromagnetic cobalt nanowires. 30 The advantages of the above
techniques, are that they are massively parallel and facilitate the creation of ordered
arrays. Furthermore, they are amenable to multilayered device fabrication and
compatible with current lithographic processes.
Other templating processes involve the filling or coating of individual structures.
The spontaneous self-aggregation of certain chiral lipids into submicron tubules has been
used as a template for the deposition of metals,
31
silica,
32
and metal oxides.
33
In addition
carbon nanotubes have been used as removable templates for the fabrication of metal
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oxides,34 ' 35 and as containers that can be opened and filled with a variety of metals (Ag,
Pd, Au, AuCl 3 ).
36
'
37
The templating techniques described above have several limitations, as well.
These include: the self-assembly process controlling the final dimensions of the structure,
the inability to pattern the obtained structures into useful devices, and the integration of
these structures into circuits with macroscopic electrodes. Some of these limitations can
be overcome by coupling the aforementioned techniques with emerging technologies to
fabricate useful structures and devices. For example, the third limitation was recently
overcome by using the molecular recognition capabilities of DNA to form interconnects
between two macroscopic electrodes on a surface. A 16 u.m strand of DNA was attached
to oligonucleotides on two gold electrodes spaced 12-16 |im apart, and was subsequently
developed to produce a silver wire. A potentially more versatile method for inter-
element wiring was introduced by Evans, Tirrell and coworkers, and circumvents the
above problems by utilizing the fluid properties of a bilayer membrane to produce wires
with tunable lengths and diameters/ A detailed discussion of this technique in the
context of applications in electronics is given in Appendix D.
Templating Structures using Giant Unilamellar Vesicles
A simple and versatile "templating" technique for the production of polymeric
nanowires was recently reported by Evans, et. al. The template consists of a bilayer
membrane that can be used to form long, hollow tubes of fluid lipid bilayers. A cross-
linkable monomer is encapsulated in the lumen of the vesicle and can be
photocrosslinked forming a polymeric wire. Nearly twenty years ago, Hochmuth and
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Evans developed a method for extracting membrane tethers from red blood cells in
order to study the biophysics of the cell membrane (i.e. elasticity, bending rigidity,
membrane surface tension, and inter-monolayer adhesion energies in the bilayer). This
method (shown in Figure 4.1) was extended to the formation of tethers from giant multi-
and unilamellar vesicles composed of synthetic lipids. 40,41 The formed tethers are
intrinsically unstable; however when used to template the photochemical polymerization
of cross-linkable monomer, a stable solid-phase structure can be formed.
Membrane tethers can be used to produce flexible polymeric wires with diameters
in the range from 20 to 200 nm. A lipid tubule can be pulled from a feeder vesicle when
the vesicle is attached to a substrate and retracted using micromanipulators. In order for a
tube to be pulled, there must be a reservoir of excess lipid bilayer. This is accomplished
by placing the hydrated vesicles in a hyperosmotic solution causing slight dehydration.
At this point, the excess bilayer is drawn into the tip of the micropipette, forming a
projection as shown in Figure 4.2 A. In addition, the vesicle must be brought into
adhesive contact with a substrate. This substrate can be decorated with a ligand specific
to the head group of a lipid present in the bilayer. In the previous work," the bacterial
adhesion complex biotin-avidin was chosen as a prototype to demonstrate attachment to a
surface. An avidin coated microsphere held by a second pipette was brought into contact
with a vesicle containing a small amount of biotinylated lipid (for structures of
phopholipids see Figure 4.6). When the feeder vesicle was retracted, a nanometer size
tubule was formed. It was visualized with an optical microscope using epi-illumination
by excitation of a fluorescently labeled lipid, shown in Figure 4.2 B. The fluid properties
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Figure 4.1 Schematic representation of pulling a lipid tubule. For a lipid nanotube to be
pulled, the surface of an aspirated vesicle must be bonded to a rigid substrate, and there
must be excess bilayer surface area (from ref 43).
Figure 4.2 Video microscope images of a lipid bilayer vesicle (-20 |im diameter) held
by micropipette suction and tethered to a solid microsphere (-4 \im diameter) by an
invisible nanotube of bilayer (-40 nm diameter) pulled from a vesicle surface. (A) A
bright field image shows only the vesicle and microsphere. (B) Epi-illumination is used
to excite fluorescence from labeled lipids doped in the bilayer emanating from the
vesicles. [Note: The tube appears thick in the fluorescent image due to optical diffraction
(-0.5 [im) but its actual diameter is much smaller (-40 nm)] (from ref. 3).
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of the bilayer allow lipid tubes to be pulled where the diameter is controlled by
membrane tension (Tm) [J]. A manometer which controls pipette suction is used to set
Tm, which is related to the tube radius by a mechanical force balance,40 where kc
represents the bending stiffness of the bilayer (~10" 19 N m).
2 kc
rr =— in2Tm
Furthermore, because of mass conservation, the radius of the nanotube (r
t ) can be
estimated from the decrease of the projection length inside the pipette (Lp) as the
nanotube length (L,) increases by the following equation [2], where Rp is the radius of the
pipette.
42
Control over the tube radius is shown in Figure 4.3.
n . -R, 5Lo
5L.J
[2]
Once the lipid tubule is pulled, an encapsulated prepolymer can be
photopolymerized to produce a rigid nanostructure. If the structure is not stabilized,
membrane tension will simply pull the tubule back into the feeder vesicle upon release.
In the earlier work, poly(ethylene glycol) 1000 dimethacrylate (PEGDMA 1000) was
photo-crosslinked because PEGDMA is water soluble, and after crosslinking forms a
resilient gel that can be processed in both aqueous and organic environments. Examples
of structures formed from the polymerization of PEGDMA encapsulated in lipid
templates are shown in Figure 4.4. Their flexibility and elasticity are shown in Figure 4.4
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Figure 4.3 Control over nanotube radius. A) Schematic of important dimensions: R
p ,
pipette radius; L
p ,
projection length; Rv , vesicle radius; Lt, tether length; R t , tether radius
(from ref. 41). B) Control of nanotube diameter by pipette suction. Plot of the decrease in
vesicle projection length (L
p )
inside the pipette observed as a nanotube (length Lt) was
pulled from the vesicle surface at two levels of membrane tension (from ref. 3).
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Figure 4.4 Bright-field video images of rigid casts of vesicle and tube shapes after
photopolymerization and detergent removal of the lipid bilayer template, (a) The cross-
linked PEGDMA replica of a bilayer vesicle (diameter -20 |im) aspirated initially into a
micropipette. (b) The cross-linked PEGDMA core of a large bilayer tube (diameter
-0.5-1.0 ^im) connected to the polymerized feeder vesicle, (c) A small-bore pipette pulls
on the polymerized cylinder to demonstrate its mechanical strength, (d) After release, the
tube relaxes and coils loosely like a flexible "rope." (from ref. 3).
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C and D where a polymerized tube (~ 1 um in diameter) is stressed using a small bore
pipette and relaxes into a loosely coiled rope when released. 3
In addition to forming tubes, Y-branched junctions can be fabricated with the use
of bilayer membrane templates. Since the bilayer behaves as a fluid surface, two tethers
that are drawn serially from the same feeder vesicle will coalesce into a single junction as
the vesicle is pulled away from the attachment sites. Fluorescence microscope images of
the steps used in creating a Y-type junction are shown in Figure 4.5. Complex arrays of
nanotubes and branched elements can be created by repetition of these steps.
This demonstration of the use of bilayer templates to create stable tubes and
networks opens the door for a variety of potential applications. Different types of water
soluble or water dispersible materials can be encapsulated in the vesicles or the formed
structures can be subsequently processed (e.g., by metal deposition) in order to impart
useful mechanical and electronic properties. This templating procedure facilitates the
patterning of materials as elements in functional devices.
Mechanical Measurements of Small Structures
As the dimensions of fabricated structures shrink to the sub-micron size scale,
direct measurement of their mechanical properties becomes exceedingly difficult.
Sample preparation and isolation are often time consuming and the options for holding or
mounting these structures are limited, so that conventional methods for mechanical
property determination remain elusive. In the past, inferences on the mechanics of
individual structures were made from ensemble measurements of i) composite materials
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Figure 4.5 Production of nanotube arrays. A) Schematic of the sequence of steps used
to fabricate Y-junctions. B and C) Fluorescence microscope images of the manipulation
sequence used to create a confluent junction of nanotubes (-40 nm diameters). (B, left)
First, two or more nanotubes are drawn one after the other from separate regions of the
feeder vesicle surface. (C, right) Next, the vesicle is pulled away and the bilayer tubes
slide over the fluid surface to coalesce at a perfect triangular junction (from ref 3).
87
containing the structures or ii) macroscopic aggregates of the structures. The emergence
of more sensitive methods for probing and imaging sub-micron sized structures
hasfacilitated investigations of their mechanical properties. At the smallest size scale,
mechanical studies of single biological molecules have been performed.43
The development of optical tweezers44 '45 presented scientists with the most
compliant probe for force measurements, and has allowed the mechanical
characterization of single biological molecules. Optical tweezers rely upon the ability of
a highly convergent beam of light (focused through an objective lense) to trap a dielectric
particle, and is capable of measuring forces in the range from 0.2 pN to several hundred
piconewtons. Optical tweezers have been used to measure the elastic properties of
DNA,46 the force of a kinesin molecule acting on a microtubule (~5 pN),47 and the stall
force of RNA polymerase acting on a DNA template (-15 pN) 48
Furthermore, sensitive force measurements have been made using the atomic
force microscope (AFM). The AFM tip is situated on the end of a cantilever, and is
capable of imaging with sub-nanometer accuracy. In addition, the AFM is capable of
measuring forces with piconewton sensitivity up into the nN range. AFM has been used
to study the forces of antigen-antibody or receptor-ligand interactions (50-300 pN) 49-52
the unfolding of the immunoglobulin (Ig) and fibronectin III (Fr3) domains in a protein
(100-300 pN),53 the elastic moduli of single and multi-walled carbon nanotubes,54,55 and
the tensile elastic modulus of polypyrrole nanotubes. 56
In addition to these instrumental techniques, researchers have used the bending of
57
glass microneedles to measure the force that myosin exerts on an actin filament, the
tensile strength of actin filaments,
57
and the force required to stretch a DNA molecule.58
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These experiments require careful calibration of the bending stiffness of the glass
microneedles. Direct mechanical characterization of single DNA molecules has been
performed by chemically attaching one end of the DNA to a glass surface and the other
end to a magnetic bead. The bead was subjected to magnetic and hydrodynamic forces of
between 10" 14 and 10" 11 N, that were used to obtain force versus extension curves for
DNA. The direct observation of carbon nanotubes using a transmission electron
microscope (TEM) has led to estimates of their mechanical properties. By measuring the
amplitude of their intrinsic thermal vibrations, carbon nanotubes have been shown to
possess an exceptionally high Young's modulus (TPa range). 59 In addition, carbon
nanotubes that were positioned on a cantilever and excited by electromechanical
resonance, were observed with a TEM and also displayed very high, diameter dependent
Young's moduli (1 TPa for 8 nm tubes and 0.1 TPa for 40 nm tubes).60
The testing of structures on the micron size scale, in which the dimensions are
several orders of magnitude larger than structures on the nano-scale, can be equally
challenging. The mechanical testing of these structures can require forces from the nN
through the mN range, making the application of the aforementioned techniques difficult.
In addition, the structures are still too small to test using conventional methods. Eby and
coworkers were able to measure the compression strength of individual graphite fibers
(-1-10 \xm in diameter) by designing a microcompression aparatus, which utilized a
piezo element and an optical microscope.
61 The future promises exciting results on the
mechanics of structures in the micron and nanometer size range, as researchers continue
to apply the above techniques to new systems, and to discover new, innovative methods
for their mechanical characterization.
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Experimental Section
Materials and Methods
Polyethylene glycol 4600 [PEG 4600], polyethylene glycol 10000 [PEG 10000],
cholesterol, 0.5 mm platinum wire, triethylamine, and methacryloyl chloride were
purchased from Aldrich. Triethylamine was distilled (bp 85° C) under argon. Technical
grade methacryloyl chloride (80%) was distilled under vacuum into a schlenk flask (bp
37° C 60 mmHg). Polyethylene glycol 20000 [PEG 20000] was purchased from
Avocado Research Chemicals. Polyethylene glycol) 1000 dimethacrylate
(PEGDMA1000) was purchased from Polysciences, Inc. Dioleoylphosphatidylcholine
(DOPC), lissamine rhodamine B-egg phosphatidylethanolamine (Rhod-PE), and
dioleoylphosphoethanolamine-N-[Poly(ethylene glycol) 2000] {PEG 2000 PE} were
purchased from Avanti Polar Lipids, Inc. One microliter Microcaps® were obtained
from Drummond Scientific Company. Borosilicate glass capillary tubing (0.7-1.0 mm
o.d.) was purchased from Kimble Kontes. Sucrose and glucose were obtained from
Mallinkrodt AR®. HPLC grade methanol, hexane, benzene and chloroform were
purchased from Burdick & Jackson. Anhydrous THF was purchased from Alfa Aesar. A
teflon sheet (12"xl2"xl/16") was purchased from McMaster-Carr.
'H-NMR spectra were collected with a Varian 300 MHz Mercury FT-NMR
spectrometer. MALDI mass spectrometry of PEGDMA samples was performed on a
Voyager ELITE Spectrometer from PerSeptive Biosystems, Inc. using 2,5-
dihydroxybenzoic acid as the matrix.
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Ciiant Vesicle Preparation
Giant unilamellar vesicles were prepared using either slow hydration of a dried
lipid film from a roughened Teflon disk,"' or the technique oi electroformation, in which
a dried lipid film on the surface of platinum electrodes is hydrated in the presence of AC
fields. The lipid composition of the preparations includes primarily nope (-64%) and
cholesterol (-32%) to insure that the phase transition temperature of the bilayer is well
below room temperature. Furthermore, functionalized lipids are used to give the bilayei
specific properties. Rhod-PIs (~ I %) is used in the bilayer for visualization using
fluorescence microscopy, and PIXi 2000 PE (~1%) facilitates the hydration of the dried
lipid film. The lipid formulations are prepared at a concentration of lo tng/ml in a
chloroform/methanol (2: 1 ) solution. The chemical structures of the lipids that are used
are shown in Figure 4.6.
In the slow hydration technique, 50 pi of the 10 mg/ml lipid solution is placed on
a roughened Teflon disk and spread over the entire surface. (Teflon disk is prepared by
roughening its surface with medium grade sandpaper). The disk is then placed in a 50 ml
glass beaker and complete removal of chloroform and methanol is done by placing the
beaker under high vacuum for a minimum of 3 hours. The vacuum desiccator is kept in
constant darkness to prevent pholobleaching of the fluorescent lipid. Alter removing the
beaker from vacuum, the dried lipid film is prehydrated with a warm, water-saturated
argon or nitrogen jet for 20 minutes, followed by the gentle addition of 6-10 ml of
encapsulation medium through a 0.2 pm syringe filter. The beaker is then placed in an
oven overnight at approximately 40" C, and the lipid film swells and "lifts off the Teflon
disk. Vesicles appear as suspended clouds in the encapsulation medium. A 10 pi aliquot
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Figure 4.6 Chemical Structures of the molecules used to construct giant vesicles.
Bilayer is composed of a number of lipids each serving their unique role.
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of vesicles is harvested from the beaker and resuspended in 1 ml of dilution buffer which
contains a slightly hyperosmotic glucose solution. This solution of vesicles is then placed
in the "suspension chamber" and placed on the microscope.
In the electroformation technique, a few drops of the 10 mg/ml lipid solution are
placed on platinum paddle electrodes. (Electrodes are formed by flattening the end of 0.5
mm platinum wire with a hammer.) The electrodes are placed under high vacuum for a
minimum of 3 hours to remove chloroform and methanol. Electrodes are removed from
vacuum, immersed in the encapsulation medium and attached to a signal generator. Lipid
swelling and liposome formation are induced by application of a sinusoidal alternating
electric field. The peak to peak amplitude is set to 6V and the frequency is gradually
increased from 0.1 Hz (7 minutes) to 1 Hz (7 minutes) to 3 Hz (7 minutes) and finally to
30 Hz (30 minutes). Vesicle clouds "lift off the platinum electrodes and can be removed
and resuspended in a slightly hyperosmotic glucose solution, before being placed in the
"suspension chamber."
The encapsulation medium was composed of an aqueous solution containing 200
mM sucrose, 4.5 mM Irgacure 2959, and 10 to 20 weight% of poly(ethylene glycol)
dimethacrylate (PEGDMA) of various molecular weight.
Micromanipulation
For a detailed discussion of the micromanipulation instrument and the basic
techniques required for the manipulation of single micron sized vesicles, see APPENDIX
A of ref. 69. The micromanipulation of giant phospholipid vesicles is carried out on the
stage of a Zeiss Axiovert 100 H inverted optical microscope that is equipped with
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Hoffman Modulation Contrast (HMC) optics. A typical experiment was performed with
either a two or three chamber setup, which is constructed by fastening glass or quartz
strips (5 mm X 22 mm) to the top and bottom of stainless steel supports connected by an
aluminum bar (Figure 4.7). The three chambers are filled with distinct aqueous solutions
that are separated by an air gap and will be referred to as the suspension chamber, the
transfer chamber, and the test chamber.
An individual vesicle is picked up from the bottom of the suspension chamber
with a holding pipette using a small aspiration pressure. The excess membrane is drawn
into the tip of the micropipette as shown in Figure 4.2 A. The vesicle is then transferred
into the transfer chamber, which contains a monomer-free solution of glucose and 4.5
mM Irgacure 2959. Vesicles are transferred across the air gap between chambers with
the use of a buffer filled transfer pipette. Within the transfer chamber, the vesicle can be
manipulated into the desired structure. For our experiments, a dumbbell was formed by
shearing an aspirated vesicle off the side of a glass filament that was suspended in the
transfer chamber. In addition, shearing of the vesicle can be performed using
hydrodynamic drag by translating the chamber in a direction that is perpendicular to the
holding pipette. When the desired structure was obtained, it is stabilized by the
photoinitiated free-radical crosslinking of the encapsulated macromonomer
[Poly(ethylene glycol) dimethacrylate]. Free-radicals are generated by the UV induced
cleavage of Irgacure 2959 (Figure 4.8). Photopolymerization is performed with a focused
beam from a fiber optic assembly placed on one of the ports of an Oriel 100 W high-
pressure mercury arc lamp. The focused beam is reflected from an extended reflector
dichroic mirror (reflects <375 nm; Chroma Technology Corp.; Part # 400DCXR) placed
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Suspension
Figure 4.7 Schematic diagram ofchambers and the glass micropipettes used in the
micromanipulation, photopolymerization, and mechanical testing of giant vesicles and
their templated structures (A). Vesicles are initially aspirated with the use of a holding
pipette, and then transferred from the suspension chamber to the transfer chamber using a
larger diameter fluid filled pipette (transfer pipette) [from ref. 69]. B and C) Side and
top-down view of a three chamber set-up on the stage of the Zeiss Axiovert 100 H
inverted optical microscope.
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Grosslinked
PEG
Hydrogel
Figure 4.8 Photocrosslinking of PEGDMA . Photocrosslinking of PEGDMA is
achieved by free-radical polymerization using Irgacure 2959, which cleaves to form
hydrogen radicals and carboxy radicals upon UV irradiation. Irgacure 2959: 2-hydroxy-l-
[4-(hydroxyethoxy)phenyl]-2-methyl-l-propanone.
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between the fiber optic output and the objective lens, so that everything in the field of
view is irradiated. (Note: A quartz strip is used for the top of the transfer chamber to
allow UV penetration for pholopolymcrizations.)
Synthesis of Polv(ethvlene glycol) Dimethacrvlates
A series of polyethylene glycol) dimethacrylates [PEGDMA] were synthesized
from the corresponding a, (i)-dihydroxy PEGs. In a typical reaction, 10 g of the PEG was
placed in a round bottom flask and dried by azeotropic distillation with benzene, before
dissolution in dry THF. The reaction mixture was treated with 10 equivalents of
triethylamine and 10 equivalents of methacryoyl chloride and stirred under argon for 24
hours. The reaction is then heated to 60° C and stirred for 3 more hours. At the
completion of the reaction, tricthanolamine hydrochloride is filtered off and the polymer
is precipitated by the addition of cold hcxanc. The polymer is isolated by filtration and
further purified by reprecipitation using dry THF and cold hexane. The resulting
PEGDMA is dried in a vacuum desiccator overnight. PEGDMAs were synthesized
starting from PEG 4600, PEG 10000, and PEG 20000.
Tensile Testing of Bulk Samples
Bulk tensile moduli were obtained for PEGDMA hydrogels using an Instron
(Model 5542). Aqueous solutions containing 10 and 20 weight % of the four different
molecular weight PEGDMA's (1000, 4600, 10000, 20000) were prepared. The solutions
also contained 4.5 mM Irgacure as the photoinitiator. The solutions were cast between
two quartz slides (22 mm x 30 mm) that were separated by 0.75 mm polyethylene
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spacers. Open edges of the sample were sealed with vacuum grease to prevent
evaporation during the photopolymcri/ation. Photopolymerization of the samples was
carried out in a Rayonet Photochemical Reactor for 4 hours. [Note: Gelation occurred in
less than 5 minutes, however photopolymerization was run for 4 hours to ensure
maximum conversion]. After photopolymerization, the hydrogel was removed from
between the quartz slides, placed on a teflon sheet and cut into strips approximately 5 mm
wide and 10 mm long.
Samples were tested on the Instron both in air and in a temperature regulated
water bath. Accurate dimensions of the test strip were determined using vernier calipers
and a micrometer. The sample was then mounted in the stainless steel grips using a filter
paper spacer. The sample was placed on the instron and was either tested immediately
(in air) or after 1 hour of equilibration time (in the water bath) with a strain rate equal to
10% of the gauge length per minute. Between 5 and 9 samples of each PEGDMA were
tested both in air and in water. The Young's modulus is obtained from the initial slope of
the stress (a) versus strain (A,) curve below strains of 15% (k= 1.15), and the shear
1 f A
modulus is the slope of the plot of a versus (X-l/A, ) up to strains of 25% (X = 1.25).
}
Mechanical Characterization of Filaments on the Microscope
Crosslinked polymeric dumbbells were fabricated using the templating procedure
described previously. Stretching experiments were generally performed in the testing
chamber, which contained deionized water. The rationale for using deionized water was
to standardize the testing conditions for the various dumbbells formed with different
molecular weight PEGDMA's, since the higher molecular weight samples produced
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encapsulation solutions of lower osmolality. Water provides a fluid of a known and
constant viscosity that can be used to stretch the filaments.
For a typical stretching experiment, a polymerized dumbbell was transferred from
the transfer chamber to the testing chamber. The transfer pipette was then removed and
replaced with a 1 \l\ Microcaps® capillary that was filled with deionized water and
attached to a precision manometer via a water filled injection holder (Narishige). Flow in
the capillary can be precisely controlled with the use of a precision manometer
(APPENDIX B). The dumbbell and the holding pipette were inserted into the glass
capillary under a small amount of reverse flow. [Note: Reverse flow will be used to
describe the condition where the fluid is flowing from the chamber into the end of the
glass capillary (manometer providing a negative pressure).] Before testing begins, the
dumbbell is aligned along the centerline and approximately 1 mm from the end of the
glass capillary, in order to avoid entrance effects. The initial length of the filament is
recorded under just enough negative flow to fully elongate the dumbbell. By lowering
the manometer at incremental, known distances the fluid velocity inside the capillary
increases causing the dumbbell to stretch. The elongation of the dumbbell at each of
these distances is recorded. In addition, the diameter of the larger spherical end of the
dumbbell, and the diameter of the filament were obtained on the optical microscope.
Computational Fluid Dynamics
To further examine the characteristics of the fluid flow in the testing capillary and
around the dumbbell, a series of computations were performed using computational fluid
dynamics. Results from these calculations are presented in APPENDIX C.
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Results and Discussion
Synthesis of Polv(ethylene glycol) Dimethacrvlates
Three different molecular weight PEGDMAs were prepared via the synthetic
scheme shown in Figure 4.9. The polymer was obtained by the esterification of cc,(D-
dihydroxy PEG (PEG 4600, PEG 10000, and PEG 20000) with methacryloyl chloride
and was characterized by NMR spectroscopy and MALDI mass spectrometry. A side
product of this reaction, the hydrochloride salt of triethylamine, is present in high
concentration in the first precipitated sample. However, PEGDMA can be purified by a
series of reprecipitations, and disappearance of the salt peaks (5 = 1.38 ppm and 8 = 3.05
ppm) can be monitored by NMR spectroscopy (Figure 4.10). Furthermore, molecular
weight of the polymer can be calculated by NMR spectroscopy (assuming complete
conversion of both ends of the PEG chains; Figure 4.11).
MALDI mass spectrometry provided direct evidence of the difunctionalization of
both hydroxyl groups on the polymer. Figure 4.12 shows the MALDI-TOF spectra of
PEG 4600 and PEGDMA4600. The molecular ion peaks for the dimethaerylate are 138
mass units higher than for dihydroxy terminated PEG, and this shift in molecular weight
corresponds to the molecular weight of two methacryl groups. In addition, a partially
hydrolyzed sample of PEGDMA4600, displays both the N+69 and N+138 molecular ion
peaks, showing a mixture of both the monofunctional and difunctional PEGs (Figure
4.13). Complete conversion of both the 4600 and 10000 molecular weight samples was
evidenced by MALDI, however the largest molecular weight sample (20000) could not
be determined because of failure to desorb.
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Figure 4.9 Reaction scheme for the preparation of poly(ethylene glycol) dimethacrylate.
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Figure 4.10 NMR spectra of PEG(4600)DMA after first precipitation into hexane (A)
and after one reprecipitation by dissolving first isolate in THF and precipitating into
hexane. Peaks in the spectra marked with an * (5 = 1.38 ppm and 8 = 3.05 ppm) are due
to the presence of triethylamine hydrochloride, which can be significantly reduced by
reprecipitation of the polymer. In A, the amount of salt contamination can be estimated
to be <_5% by weight, where in sample B it is < 0.4% by weight.
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Figure 4.11 The molecular weight of the sample can be obtained by integration of the
vinyl peaks at 5 = 5.59 ppm and 5 = 6.10 ppm with the PEG peak centered around 8 =
3.57 ppm. The molecular weight values obtained by NMR are; A) 1056
(PEGDMA1000); B) 4147 (PEGDMA4600); C) 12782 (PEGDMA 10000); and 20834
(PEGDMA20000). Note: Molecular weight calculations assume that the polymer is
difunctional. Solvent (methylene chloride) peak is located at 5 = 5.32.
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Figure 4.12 MALDI-TOF spectra of PEG4600 [top] and PEGDMA4600 [bottom].
Spectra provide evidence for near complete conversion of the hydroxyl end groups to
methacrylate end groups. Peaks on the bottom spectrum are the N+138 molecular ion
peaks of the peaks on the top spectra, which correspond to the molecular weight of two
methacryl groups.
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Figure 4.13 MALDI-TOF spectrum of a partially hydrolyzed sample of the
PEGDMA4600. More molecular ion peaks appear in this spectrum, which correspond to
both the N+69 (monofunctionalized) and the N+138 (difunctionalized) peaks of the
parent polymer.
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Formation and Stretching of llvdrouel "Dumbbells"
Oianl vesicles (40 io ho nin>, composed of 65 mol% DOPC, 32 mol% cholesterol,
2 moi% Rhod PE, and 1 mol% PE< I 2000 PE, were used as templates for the fabrication
<»i crosslinked hydrogel dumbbells. In order for dumbbell formation to occur, excess
bilayer Surface beyond that Sufficient to enclose the vesicle volume as a sphere was
needed, which was accomplished by placing the vesicles in a hyperosmotic glucose
solution. Mici aspiration oi the slightly dehydrated vesicle Into a micropipette, a
dumbbell was formed within the up <>i the pipette by creating the appropriate shearing
instability. Aspirated vesicles were sheared nil I he side of anothei glass filament present
in die transfei chambei
.
<>i were sheared using hydrodynamic drag by translation oi the
chambei In a direction perpindicular to the holding pipette (Figure 4.14). Dumbbells
generally consisted ol a larger spherical reservoir outside ol the holding pipette,
connected to a smaller reservoir (within die pipette) by a micron 01 nanonn i< 1 sized
conduit. A similar type <>l shearing technique was recently used io create a network of
nanotubes and liposomes on an oxidized polystyrene surface.
1
Dumbbells formed from the bilayer template are intrinsically unstable. Therefore,
PE( iDMA and photoinitiator (Irgacure 2959) were encapsulated in the interioi ol the
vesicle, and were used to Stabilize the desired Structures via free radical
phOtOpOlymerization upon exposure to UV light. PE( IDMA is soluble both In water and
in organic solvents, and afttt CrOSSlinking forms a robust and insoluble polyethylene
glycol) gel.
Hydrogel dumbbells were of the appropriate geometry and dimensions to allow
systematic study ol the me. hanii al properties ol the i rosslinked polymerii
filaments. Uy
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Figure 4.14 Techniques for the fabrication of polymeric dumbbells. (Left) An aspirated
vesicle can be sheared using hydrodynamic drag, by translating the chamber in a
direction perpendicular to the holding pipette (1 and 2) resulting in the formation
ofa
dumbbell (3). (Right) An aspirated vesicle can be sheared offof the side of
another
filament present in the transfer chamber (1 and 2) forming the desired dumbbell (3).
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placing the dumbbell in a controlled flow environment, hydrodynamic drag acting on the
larger spherical end of the dumbbell can be used to stretch the crosslinked filament. For
a controlled flow environment, we utilized a larger diameter glass capillary (1 microliter
Microcaps®) that was connected to a precision manometer. We showed, by the tracking
of fluorescent particles, that the fluid velocity inside the capillary can be precisely
controlled with the manometer, and that the velocity profile agrees with that predicted by
cylindrical laminar flow (see APPENDIX B).65 A dumbbell that was inserted into and
aligned along the centerline of the glass capillary, could be stretched by increasing the
fluid velocity inside the capillary (Figure 4.15). The extension of the filament was
measured directly on the microscope, and the stress on the filament can be obtained from
an analysis of the drag force that the fluid exerts on the larger spherical end of the
dumbbell. This technique will allow us to explore the relationship between molecular
architecture and the mechanical properties of the polymeric filaments, eventually being
able to tune the stiffness and rigidity of the gel through variation in the chemical
structure, concentration, and crosslink density.
Instron Testing of Bulk Samples
The synthesis of three different molecular weight PEGDMA's (4600, 10000, and
20000) and the commercially available PEGDMA 1000, allowed for a systematic study
of the material properties of crosslinked PEG hydrogels, showing dependence on
crosslink density and polymer concentration.
Hydrogels can be treated as isotropic elastic materials, which can be described by
two independent elastic constants, X and u, The various moduli, as well as the Poisson
I OS
X = extension ratio = Lf/L0
Lo =140nm Lf = 208um(>.= 1.5)
Figure 4.15 Schematic of stretching experiment done on the micromanipulation
microscope (top). The velocity of fluid in a capillary is increased (from left to right
image) causing the polymeric filament to stretch. The extension of the filament is
measured from the images captured with the microscope using a calibrated CCD camera.
109
Ratio can be expressed in terms of these constants, known as Lame's constants. 66
(Equations 3-6; where E, K, and G are the Young's, bulk, and shear moduli respectively,
and v is the Poisson Ratio).
E
~
rt.-.x ^
K= M G=n [5] v =— [6]
For a rubbery elastic material, the Poisson ratio is equal to 0.5, meaning there is no
volume change upon deformation. From the above equations, G can be related to E by
equation 7, which shows that the shear modulus should be equal to 1/3 Young's modulus
G=—5— [7] a =G(X~) [8]
2(1 + v) X
2
Furthermore, statistical treatment of idealized networks from rubber elasticity theory
provides a relationship between stress (a), strain (elongation ratio X), and the shear
modulus (G), which is shown in equation 8. Because these hydrogels are believed to
behave like elastomers, a plot of a versus (X-l/X ) should be linear, with a slope equal to
G (Figure 4.17). 64 The Young's modulus is obtained from the initial slope of the stress
(o) versus strain (X) curve (Figure 4.16).
The tensile modulus (E) and the shear modulus (G) were determined by testing
strips of the hydrogels, obtained by casting a PEGDMA/Irgacure solution between two
quartz slides, and irradiating with UV light. Between 5 and 9 samples for each of the
molecular weight PEGDMAs available were tested both in air or equilibrated in a water
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Figure 4.16 Stress vs. Elongation Ratio for hydrogels composed of 10 weight%
PEGDMA. The initial slope at strains below 15% (A, = 1.15) was used to determine the
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Figure 4.17 Stress vs. (X-l/X
2
) for hydrogels composed of 10 weight% PEGDMA to
strains of 25% (k = 1.25). The slope of the curve provides the shear modulus (G).
in
bath at 25° C (wet), and at 10 weight% or 20 weight% polymer. The results of these
studies are presented in Table 4.1, along with the average equilibrium water
concentration (EWC) of the gels obtained in each study. Errors reported are one standard
deviation.
Table 4.1 Results of Mechanical Tests with Instron
Sample Modulus PEGDMA4600 PEGDMA10000 PEGDMA20000
10%-air* E(Pa) 62,800±7,660 35,900±7,320 8,970±1,715
G(Pa) 24,900±2,820 13,700+2,770 3,490+667
EWC 90% 90% 90%
10%-wet E(Pa) 60,300+6,640 19,120+2,770 3,240+2,510
G(Pa) 23,800+2,100 7,490+1,100 1 ,278+987
EWC 91 .8% 95.4% 97.1%
20%-air E(Pa) 446,000±20,000 180,000+11,300 90,100+7,520
G(Pa) 172,000+6,620 68,300±4,030 34,400±2,920
EWC 80% 80% 80%
20%-wet E(Pa) 443,000±27,900 142,000+20,900 35,600+1,140
G(Pa) 169,000+10,900 54,300+7,440 13,700±427
EWC 85.3% 91 .7% 94.2%
-EWC is calculated by: EWC = (W s-Wd/W s ) x 100 ; where W s andWd are the weights
of the swollen gel and dry gel respectively.
-Data on PEGDMA1000 could not be obtained because the gel was too brittle to mount
in the grips of the Instron.
* Samples plotted in Figures 4.16 and 4. 17
Two trends are observed in the data in the table. First, as the molecular weight
between crosslinks is reduced (lower molecular weight PEGDMAs), the modulus of the
gel increases. In addition, the gels that are swollen and tested in water (increase in
EWC), show a decrease in the calculated moduli, as is consistent with expected hydrogel
properties.
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Note, the moduli more than double when going from 10 weight% to 20
weight% concentration (increase by a factor between 5-10), indicating that crosslinkmg
is
more efficient at higher concentration.
For rubbery elastic networks, the shear modulus can be used to
calculate the
effective molecular weight between crosslinks (Mc), which includes both chemical
and
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physical (entanglements) crosslinks. The relation is shown in Equation 9, where the
numerator is the product of the effective polymer chain density, the ideal gas constant,
and the temperature.64 Using the measured moduli from the Instron, we calculated the
effective molecular weight between crosslinks (Mc ). The results are in Table 4.2.
[9]
Table 4.2 Effective Molecular Weight between Crosslinks
Sample PEGDMA4600 PEGDMA10000 PEGDMA20000
10%-air G(Pa) 24,900 13,700 3,490
9,950 18,100 71 ,000
10%-wet G(Pa) 23,800 7,490 1,280
M c 8,540 15,220 56,100
20%-dry G(Pa) 172,000 68,300 34,400
M c 2,880 7,250 14,400
20%-wet G(Pa) 169,000 54,300 13,700
M c 2,150 3,790 10,500
-the effective polymer chain density (p) used in the above calculations for each of the gel
sample sets is obtained by: p =[(100-EWC)/100]
The Mc values calculated for the gels that contained 10 weight% polymer are a
factor of 1.5 to 3.5 higher than the expected values of 4600, 10000, or 20000, which
indicates that there is probably inefficient crosslinking at this concentration. In contrast,
the Mc values calculated for the gels that contained 20 weight% polymer, are a factor of
0.4 to 0.7 of the expected values, showing that there is efficient crosslinking and likely
the presence of chain entanglements at this higher concentration.
The data obtained on studies of the bulk hydrogels are in the range of previously
reported values for crosslinked PEGDMA networks.
68 These values will be compared t.
the moduli measured on micron sized filaments using the stretching
technique.
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Stretching Micron Sized Filaments
Stress versus strain data can be obtained for hydrogel dumbbells by the
aforementioned method, in which a dumbbell is stretched using hydrodynamic drag in a
controlled flow environment (Figure 4.15). Paramount to the application of this
technique is the determination of the drag force acting on the larger spherical end of the
dumbell, which causes elongation of the polymeric filament.
The drag force can be calculated using the analytical solution for a suspended
sphere, confined in a cylinder (Equation 10; where r\ is the viscosity of the fluid medium,
r is the radius of the sphere, V is the velocity of the fluid, D s is the diameter of the sphere,
and Dc is the diameter of the cylinder). This equation is a
D
F - 67Z7]rV[l + 2.4(—*-)] [10]
modified form of Stokes law, corrected for the increase in viscous drag that a sphere
confined in a cylinder experiences due to the effects of the neighboring walls.
5
It
provides a good estimate for the drag force on a sphere up to Reynolds numbers of 100.
To date, two stretching experiments have been performed on micron sized
filaments using the microscope, in which the dumbbells were made from vesicles that
contained 10 weight% PEGDMA1000. The data obtained through the use of the
modified Stokes law equation for Stretch 1 and Stretch 2 are shown in Tables 4.3 and 4.4.
The diameters of the sphere and of the filament can be determined by the microscope
images captured with a calibrated CCD camera (see APPENDIX A). In addition, the
elongation of the filament is measured by an analysis of a series of microscope images
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with changing manometer height. Examples of these images for Stretch 1 and Stretch 2
are shown in Figures 4.18 and 4.19. The velocity of the fluid used to
Table 4.3 Calculated Values for Stress Strain Data of PEGDMA 1000 - Stretch 1
Height Vavg Drag Force Drag Force Stress X X-(VX2)
(mm) (um/sec) (N) (nN) (Pa)
1 623 4.65E-10 0.465 479 1.01 0.029
3 1870 1.40E-09 1.396 1437 1.05 0.149
5 3117 2.33E-09 2.327 2396 1.10 0.269
7 4364 3.26E-09 3.258 3354 1.15 0.383
10 6234 4.65E-09 4.654 4792 1.22 0.544
-Stretch 1 sample dimensions; (sphere radius) r = 21 .7 |im, (filament radius) rf = 556 nm
-Tested in 400 mM Glucose solution: y] = 0.0012 kg/m sec
Table 4.4 Calculated Values for Stress Strain Data of PEGDMA1000 - Stretch 2
Height Vavg Drag Force Drag Force Stress X X-(l/X
2
)
(mm) (um/sec) (N) (nN) (Pa)
1 748 5.65E-10 0.565 445 1.02 0.066
3 2243 1 .70E-09 1.695 1334 1.06 0.165
5 3739 2.83E-09 2.826 2224 1.10 0.270
7 5234 3.96E-09 3.955 3113 1.13 0.358
10 7478 5.65E-09 5.651 4447 1.19 0.480
13 9721 7.35E-09 7.346 5781 1.22 0.557
16 11964 9.04E-09 9.042 7115 1.27 0.648
19 14208 1.07E-08 10.737 8450 1.29 0.692
22 16451 1.24E-08 12.433 9784 1.33 0.760
25 18694 1.41 E-08 14.128 11117 1.35 0.793
28 20938 1.58E-08 15.823 12452 1.40 0.888
32 23929 1.81 E-08 18.084 14231 1.44 0.957
37 27667 2.09E-08 20.909 16454 1.48 1.023
-Stretch 1 sample dimensions: (sphere radius) r = 21.9 urn, (filament radius) r ( = 636 nm
-Tested in deionized water: r\ = 0.001 kg/m sec
determine the drag force corresponds to the average velocity of the fluid in the cross
sectional area of the capillary where the sphere is located (Vavg). Since the dimensions of
the capillary are known, and the pressure drop across it can be precisely controlled
with
the manometer, the average velocity in a given cross sectional area of the
pipe (Vavg ) is
defined by equation 11 (cylindrical laminar flow).
65 By plugging vz into equation //
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Length (7 mm) = 138.6 urn Length (10 mm) = 147.4 urn
Figure 4.18 A sequence of bright field microscopy images demonstrating the typical
stretching experiment (PEGDMAIOOO-Stretchl). The fluid velocity inside the capillary
is increased by lowering the manometer height below the location where there is zero
flow (from 1 mm in B to 10 mm in F). As the velocity of the fluid flowing over the
sphere increases, the hydrogel filament stretches (from 121.0 urn at zero flow in A to
147.4 um at 10 mm in F).
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Length (22 mm) = 186.5 urn Length (32 mm) = 202.2 urn
Figure 4.19 Bright field microscopy images for PEGDMA1000-Stretch2. The fluid
velocity inside the capillary is increased by lowering the manometer height below the
location where there is zero flow (from 5 mm in B to 32 mm in F). As the velocity ofthe
fluid flowing over the sphere increases, the hydrogel filament stretches (from 140.5 urn at
zero flow in A to 202.2 urn at 32 mm in F).
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and performing the integration, a general expression for the average velocity over any
cross sectional area of the capillary from 0 to r is obtained (Equation 12). [In the above
equations P is the pressure applied across the capillary, R and L are the radius and length
of the capillary respectively, r\ is the viscosity of the fluid, and r is the radius of the
sphere.]
The plots used to obtain the Young's modulus (E) and the shear modulus (G) for
the two stretching experiments done on the microscope are shown in Figure 4.20. The
filaments were made from a 10 weight% solution of PEGDMA1000. The Young's
moduli for the two filaments are calculated from the slope of the stress vs. X curve up to
X values of 1.2. The values obtained were 20,700 Pa for Stretch 1 and 26,600 Pa for
Stretch 2. The shear moduli were determined from the slope of the stress vs. (X-l/A )
curve, and are reported as 8,350 Pa for Stretch 1 and 10,900 Pa for Stretch 2. As can be
seen from Figure 4.20, both filaments that were tested behave similarly. The calculated
moduli are about a factor of 5 lower than what we expected for the micron sized
filaments, based on the mechanical properties measured in the bulk samples (Table 4.1).
Reasons for the difference can be the inaccuracies currently associated with the
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Figure 4.20 Plots of A) Stress versus elongation ratio and B) Stress versus X-l/X for the
two stretching experiments done on the microscope. Values for the Young's Modulus (E)
and shear modulus (G) determined from the plots are shown.
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determination of the filament diameter, or the inefficient crosslinking of the hydrogel on
the microscope. In addition, as the size of gels is reduced, the surface area to volume
ratio can increase quite drastically, and the mechanical properties near the surface may be
weaker than in the center of the gel (due to loose ends and lack of entanglements),
accounting for the reduced modulus.
The moduli obtained for the micron sized filaments are well within an order of
magnitude of what the expected values were, so the initial results are very encouraging.
Samples will now be tested in which the crosslink density and polymer concentration
differ from the filaments already tested, to see if the expected trends in mechanical
properties are seen using this newly developed technique.
Conclusions and Future Work
We demonstrate the use of a new technique for the mechanical characterization of
PEG hydrogel filaments. Dumbbells formed via a recently reported membrane
templating method' were placed in a larger capillary where the flow environment was
precisely controlled with a precision manometer. Hydrodynamic drag acting on the
larger spherical end of the dumbbell was used to stretch the crosslinked filament. The
extension of the filament was measured on an optical microscope and the stress vs. strain
data was obtained by analyzing the drag force that the fluid exerts on the larger spherical
end of the dumbbell. Two methods were used to obtain the drag force acting on the
sphere, which included; i) the use of a modified form of the Stokes drag equation, and ii)
120
direct calculation of the drag force using computational fluid dynamics (APPENDIX C).
The values obtained with both methods were in good agreement (within 10%) with one
another, so the modified Stokes equation was routinely used for drag calculations because
it was less time intensive.
Since we were interested in the effects of crosslink density and polymer
concentration on the mechanical properties of the hydrogel, a series of PEGDMAs with
different molecular weight PEG chains between the methacrylate groups was synthesized
by reaction of methacryoyl chloride with a,w-dihydroxy PEGs (PEG 4600, PEG 10000,
and PEG 20000). Complete conversion of the hydroxyl endgroups to methacrylates was
evidenced by MALDI mass spectrometry. The mechanical moduli of bulk hydrogels
formed from the various molecular weight PEGDMAs were determined using an Instron.
We observed the expected trends of a decrease in gel modulus, with either an increase in
the molecular weight between crosslinks or an increase in the equilibrium water
concentration (EWC) for swollen gels. The moduli more than doubled when going from
a 10 weight% concentration to a 20 weight% concentration, indicating that crosslinking
was more efficient at higher concentrations. In addition, the measured shear moduli (G)
were used to calculate the effective molecular weight between crosslinks (Mc ), which was
shown to be higher than the expected values for all the 10 weight % hydrogels, and lower
than the expected values for all the 20 weight% gels. This points toward more efficient
crosslinking at higher concentration, as well as the presence of entanglements.
Two micron sized filaments composed of PEGDMA 1000 were stretched on the
microscope and their mechanical moduli were determined. Both of the filaments tested
behaved similarly and the shear moduli were reported to be 8,350 Pa and 10,900 Pa for
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Stretch 1 and Stretch 2, respectively. The calculated moduli are about a factor of 5 lower
than expected values based on the bulk hydrogel measurements. This can be due to the
inaccuracies in the determination of the filament diameter, or the inefficient crosslinking
of the hydrogels on the microscope.
Future work will involve testing of the other samples of PEGDMA, which differ
in the molecular weight between polymerizable groups, as well as varying the polymer
concentration in the above dumbbell. In addition, we would like to examine different
materials, that have different chemical and physical properties than PEG based hydrogels.
(e.g. cellulose based hydrogels or dumbbells that have been coated with a layer of
silicone oxide by sol-gel deposition). The use of membrane templates to produce
materials on the nanometer size scale has been demonstrated/ We would also like to
perform mechanical measurements on polymeric filaments in the nanometer size range
with the use of more sensitive techniques, such as optical tweezers.
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APPENDIX A
CALIBRATION OF MICROSCOPE CCD CAMERAS
Microscope images are captured by either a Dage-72 CCD camera (brightfield) or
a Dage-72S CCD camera coupled with a Genllsys image intensifier (fluorescence).
Images can be recorded on a video recorder or captured directly to the computer. Images
are captured at a resolution of 640 by 480 pixels and precise calibration of the distances
per pixel in the image are important for size classification of the formed structures, and
for determining elongation ratios reported during the mechanical characterization studies.
The images below were used to calibrate the CCD cameras used for bright-field
and fluorescence imaging. *Note: the field of view for bright-field microscopy and
fluorescence microscopy are not the same, due to the presence of the image intensifier in
the optical path. Therefore, the camera used for fluorescence imaging was calibrated
separately using fluorescent beads immobilized on a glass surface (bottom pictures).
Images used for brightfield calibration: Lines spaced 5 u.m apart
(Left) Side-to-side calibration: 1 pixel=0.157 \im or image is 100 urn
wide
(Right) Top-to-bottom-calibration: 1 pixel=0.159 urn or image is 76
^m tall
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Images used for fluorescence calibration: 2 |im fluorescent beads dried on glass
Side-to-side calibration: 1 pixel=0.267 [im or image is 171 (Am wide
Top-to-bottom calibration: 1 pixel=0.270 ^im or image is 130 (im tall
Cameras are mounted to the microscope via a 4X magnifying tube in order for vesicles
with diameters of 20 to 30 |im to fill the TV monitor. When these magnifying tubes are
removed it is necessary to multiply the above calibrated distances by 4.
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APPKNDIX B
CALIBRATING FLOW IN CAPILLARY ATTACHED TO A PRECISION
MANOMETER
In order to create a controlled flow environment lor the hydrogel filaments to be
tested, a capillary of 200 microns in diameter attached to a precision manometer was
utilized The fluid velocity inside the capillary with changing pressure was determined
experimentally by tracking the flow of fluorescent particles using a frame-by-frame
analysis. Since the flow inside the capillary should obey cylindrical laminar flow, the
speeds of 15 of the fastest moving particles at a given pressure were determined and
compared to the theoretical maximum velocity in the laminar velocity profile, whose
analytical solution is represented in the equation below (Chapter 3, ref. 60). Several
experiments were conducted with different diameter beads (1 urn and 3 u.m) to ensure
that there was not an effect of bead size on the experiment. The results are shown in the
Table B.l.
V =v max
_
Ap(R 2 )
477L
Vmax = maximum velocity in the velocity profile
X[ = viscosity of fluid
R = radius of cylinder
L = Length of cylinder
Table B.l Calibration of Flow in Capillary by Fluorescent Bead Trackin
Summary of Flow Experiments in Capillary
Ht/P 1mm / 9.8 Pa 3mm / 29.4 Pa 5mm/ 49.0 Pa 7mm/ 98.1 Pa
Trial # Vmax Vmax Vmax Vmax
1 682 2011 3105 4417
2 627 1895 3179 4465
3 694 1856 3145 4257
4 608 1843 3113 4257
5 606 1852 3062 4406
6 600 1851 3089 4225
1 micron 632 1936 2838 3905
Avg's 636 1892 3076 4276
Theor. 634 1900 3170 4440
129
Vmax reported for each trial in Table B. 1 is the average of 15 of the fastest moving
beads of a video clip.
Bead Velocities in Laminar Flow
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Figure B.l. Fluid velocities calculated experimentally are within ±4% of the theoretical
values for all manometer heights tested.
These results demonstrate that the flow inside the capillary obeys cylindrical
laminar flow. These tests were performed with red fluorescing polymer microspheres
(Duke Scientific Corp.) in 400 mM glucose solution. The values used in the theoretical
calculation are; r| is 0.0012 kg/m sec, R is 100 |im, and L is 32 mm
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APPENDIX C
COMPUTATIONAL FLUID DYNAMIC CALCULATIONS
Computational Fluid Dynamics
To further examine the characteristics of the fluid flow in the testing capillary,
and around the dumbbell, a series of computations were performed using computational
fluid dynamics. Computational methods can be used to solve complex flow problems
that do not have an analytical solution. The flow modeling software used for these
calculations was purchased from Fluent, Inc. (FLUENT Version 5.1). The first step in
the calculation is to create a geometry, which in our case was based upon our test sample
(hydrogel dumbbell) inside a capillary. The geometry of this problem is axisymmetric,
so a cross sectional view of the holding pipette and hydrogel dumbbell, from the axis of
the capillary to the outer wall, was drawn using Gambit Version 1.3. The geometry used
in the CFD calculations was based on the dimensions of the first dumbbell that we
stretched. (Capillary length = 32 mm; capillary diameter = 200 um; holding pipette
diameter = 20 \xm; distance holding pipette extends into the capillary = 1mm; filament
diameter 1 |J,m; filament length = 120 |im; spherical end of the dumbbell = 43.7 \im)
After drawing the correct geometry, a meshing operation was performed where the zones
of fluid flow were divided into small discrete areas, and the boundaries were defined (i.e.
wall, axis, pressure inlet, pressure outlet). This mesh was imported into the solver
(FLUENT 5.1), where the conditions of the experiment were entered, such as the pressure
applied across the capillary, and the viscosity and density of the fluid medium.
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Calculations of the fluid flow rate and drag force on the sphere are then performed using
Fluent. Results from these calculations are presented below.
Results from Computational Fluid Dynamics
Application of the modified Stokes equation for obtaining the drag force on the
sphere, ignores the presence of the objects upstream from the sphere (filament and
holding pipette) and any effects that they might have on the drag force. More accurate
values for the drag force that the sphere experiences can be obtained through
computational methods. However, these methods are time intensive, so comparison of the
values determined computationally, to those obtained by the previously described method
was needed. Computational fluid dynamics (CFD) was used to evaluate the fluid flow
around the test sample (based on Stretch I ). We were particularly interested in the
answer to the following questions: 1) What is the effect of the structures upstream from
the sphere, on the flow rate in the capillary? 2) Is there an effect of the stagnation point,
where the filament connects to the sphere, on the drag force calculated? 3) How docs the
drag force calculated by CFD, compare with the value obtained using the modified
Stokes drag equation?
The first step in the computation was drawing the test sample inside the capillary.
The geometry was based on the first stretching experiment (Stretch 1, Figure C.l D).
Since this geometry is symmetrical around the axis of the capillary, a cross sectional view
Of the holding pipette and the polymeric dumbbell was drawn from the axis of the
capillary to the outer wall. The geometry and the dimensions used arc shown in Figure
C. 1 A-C. After drawing the appropriate geometry, the fluid areas were meshed
into finite
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Figure C.l Geometry and mesh used in CFD calculations. A) Geometry drawn using
Gambit, that shows the test structure inside of a glass capillary. Drawing consists of the
holding pipette, filament, and sphere drawn from the axis of the capillary to its outer wall
(geometry is axisymmetric) B) Expanded view ofA showing the area on both sides of the
filament. C) Expanded view ofB that shows the filament connecting to the sphere.
Dimensions of the objects drawn in A, B, and C are given by the blue bars. D) Bright-
field image ofhydrogel dumbbell from the first stretching experiment (Stretch 1) from
which the geometry in A-C is based on. E) An example of the mesh used in the CFD
calculations, that involves deviding the area where fluid flow occurs into finite elements.
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elements, and the boundaries were defined (boundanes include capillary wall, pipette,
filament, and sphere which were all defined as no-slip surfaces). An example of a mesh
used is shown in Figure C.l E, which shows the section of the mesh around the hydrogel
dumbbell. The mesh could then be imported into the solver and the computation was
performed. As a standard practice, calculations were re-performed with a finer mesh to
see if the results converged to a constant answer. Results reported are the converged
values.
In order to determine the effect of each of the elements in our test sample on the
flow rate of fluid in the capillary, a series of computations were performed in which the
individual elements were sequentially added to the geometry and the flow rate analyzed.
The series of computations performed corresponded to calculating i) flow rate in the open
capillary, ii) flow rate after the addition of the holding pipette, iii) flow rate after adding
the holding pipette and the filament, and iv) flow rate after adding the complete test
sample. The results of these calculations are shown in Table C.l. The elements in the
test sample upstream from the spherical end of the dumbbell have a minor effect on the
fluid flow rate through the capillary (< 3% reduction), so they are negligible when
calculating the velocity used in the modified Stoke's equation.
Table C.l Calculating Mass Flow rates inside Capillary
Open Holding Pipette and Complete Test
Capillary Pipette Filament Sample
Qm (ug/sec) 12.165 11.859 11.851 11.819
% reduced 2.29% 2.34% 2.63%
Qm is the mass flow rate inside the capillary
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In addition, we wanted to determine the effect of the stagnation point, where the
filament connects to the sphere, on the drag force that is calculated. This area is called a
"stagnation point" because the fluid does not exert a force on the sphere in this region,
and the presence of the filament slows the fluid in zones adjacent to it (a no-slip surface).
In the corresponding Stoke's treatment, the stagnation point is where the fluid moving at
its maximum velocity impinges upon the sphere. Two calculations were performed; one
in which the drag force was computed just on a sphere in a cylinder, and another in which
the drag force was calculated on a sphere in a cylinder tethered on the upstream side with
a filament (again dimensions matched those used in Stretch 1). The drag force obtained
on the sphere alone was 522 nN, while the sphere tethered with the filament experienced
a drag force of 496 nN (Table C.2). The reduction in the drag force for the tethered
sphere was only 5%, which told us that we could ignore the effect of the filament.
Drag forces on the sphere can also be obtained directly from CFD calculations.
Drag forces obtained for the 43.4 \xm diameter sphere inside a 200 urn capillary are
shown in Table C.2 and compared to the values determined using the modified Stoke's
equation. Just sphere and sphere and filament correspond to the two calculations
described in the preceding paragraph. A third calculation, in which the entire test
geometry (holding pipette, filament, and sphere) was placed inside the capillary, was
performed, and the drag force calculated computationally is 6% lower than that obtained
by the Stoke's equation (435 nN). The CFD calculation that is directly analogous to the
suspended sphere in a cylinder (just sphere) gives a drag value that is 12% higher than
that calculated using equation 10. These results show that the error associated with using
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equation 10 to calculate the drag force on the spherical end of the dumbbell «10%),
well below the experimental errors associated with the determmation of the diameter of
the filament.
Fable C.2 Drag Forces obtained by CM) Calculations and Modified Stoke's Method
Drag Force Just Sphere and Complete Test
Usm9 : Sphere Filament Sample
Stoke's Equation (nN) 465 465 465
CFD Calculation (nN) 522 496 435% Difference 12% 7% .5%
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APPENDIX D
TOWARD THE PRODUCTION OF NANOMETER SCALE CONDUCTING
ELEMENTS
The technology of nanostructure materials for electronics is driven by the urge to
make smaller and faster devices with superior electronic properties, compared to
corresponding devices made from the bulk material. Miniaturization of devices allows
for increased computing speed, lower power consumption, and higher storage densities.
The microelectronics industry has doubled the amount of transistors that it places on a
microchip every 18 months and has engineered feature sizes down to 180 nm with current
lithographic technology. 1 Today's Pentium processors have over 10 million transistors
per sq. cm. on their chips. Continued advances in lithography with the use of alternate
sources of exposing radiation, newly developed resist materials, and improvements of
masks are projected to produce chips with subdiffraction limit features. Recently,
extreme ultraviolet light exposure (EUV) and masks that cause the constructive and
destructive interference of the radiation at the surface were used to make feature sizes as
small as 30 nm. Lithographic processes are massively parallel and can be used to
produce complex device arrays in a short period of time, however the formed structures
are also restricted to the plane of the surface (2-dimensional). Researchers continue to
explore new methods for the production of 3-dimensional nanostructures that can be
made from a wide variety of materials.
Structures with reduced dimensions often exhibit properties that are quite distinct
from those of the bulk material, particularly when the transverse dimension approaches
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the electronic wavelength (Fermi wavelength) of the material. The wavelike nature of the
electron becomes evident with the appearance of quantized conductance, where
conduction occurs through distinct electronic states or energy levels. In addition,
nanometer-scale structures frequently show charging effects characterized by the presence
of a Coulomb blockade.
The main challenge in making transport measurements on small structures is
integrating them into circuits. At the smallest level, molecules have been aligned and
integrated into circuits. The conductivity of single molecules or molecular wires has been
obtained by using a scanning tunneling microscope (STM) to find conjugated oligomers
dispersed in self-assembled monolayers, 3 and by using a mechanical break junction to let
a single molecule complete a circuit. 4 5 Quantized conduction has been shown to exist in
several solid state systems including metallic wires, 6 silicon nanowires, 7 and gold and
CdSe nanocrystals. 8 Furthermore, there have been extensive efforts to measure
resistances of carbon nanotubes. Resistances of carbon nanotube mats have been
determined using a four point probe technique. Anisotropy was shown to exist in
conduction parallel and perpendicular to the nanotube alignment. 9 10 Langer and
coworkers have used lithographic methods to connect nanotube bundles, and even
individual multi-walled carbon nanotubes, to macroscopic electrodes using a STM
(scanning tunneling microscope) to expose the resist. This group demonstrated the wide
range of electrical properties of different carbon nanotubes, which ranged from metallic,
to semiconducting, to insulating depending upon the structure.
11 " 13
In addition, Lieber and
coworkers were able to separate contact resistances from the linear resistance along the
length of a carbon nanotube using an atomic force microscope (AFM) equipped with a
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conducting tip." With improvements in the production of single walled nanotubes
(SWNT's) of carbon, their transport properties were measured and showed evidence of
quantized conduction.'-" Both single electron charging and resonant tunneling through
quantized energy levels were seen in the transport measurements made on these
nanotubes.
Recently, Evans and coworkers reported a tcmplating technique which utilizes
giant bilaycr vesicles for the production of polymeric nanowircs. 17 This demonstration of
the use of bi layers as templates to create stable tubes opens the door to a variety of
processing techniques to create functionalized nanostructures. The versatility of this
system allows alteration of the lipid sheath or encapsulation of a wide range of water
soluble components in order to obtain desired properties. Encapsulation and crosslinking
of water-soluble conducting polymers, metallization of the PEGDMA gels via electroless
deposition, and the reduction of encapsulated metal salts to the zero valent metal are
approaches that could be utilized to produce conductive structures.
One of the initial goals of this project was to use this templating technique to
prepare functional electrical devices from arrays of nanotubes attached to a substrate.
Toward this end, techniques were developed in which a lipid nanotube could be drawn
between lithographically patterned gold pads utilizing the biotin-avidin molecular
adhesion system. 18 Furthermore, arrays of tubes could be attached directly to gold coated
optical fibers using a vesicle which contained thiolipid in the membrane, taking
advantage of the strong adhesion forces between sulfur and gold. Recently, the
chemical oxidation of pyrrole onto the surface of templated structures was demonstrated.
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Experimental
-Work reported in this APPENDIX was done in collaboration with Howard K Bowman
and Alexander Kros.
Materials and Methods
Pyrrole and ammonium persulfate were purchased from Aldrich.
Dioleoylphosphatidylthioethanol (DOPTE), and N-biotinyl phosphatidylethanolamine (N-
Biot-PE) were purchased from Avanti Polar Lipids, Inc. Avidin and N-
hydroxysulfosuccinimide biotin ester (NHS-LC-biotin) were purchased from Pierce. 3M
single mode optical fiber was purchased from Thorlabs, Inc. N-[14'-Mercapto-l',l 1'-
dioxo-3\6\9'-trioxa-azatetradecyl]-l,2-dipalymitoyl-sn-glycero-3-phosphoethanolamine
[14'-mercapto-PE] was a gift from the group of Professor Horst Vogel at ETH, Lausanne.
The hydrochloride salt of 1 1-aminoundecanylthiol was a gift from the group of Professor
George Whitesides of Harvard University.
Micromanipulation experiments are carried out on a Zeiss Axiovert 100 H
Inverted Microscope equipped with hydraulic micromanipulators from Narishige.
Vesicles were prepared by previously published methods. 20 The lipid composition of the
preparations includes phosphatidylcholine (64%), cholesterol (32%), lissamine rhodamine
B-phosphatidylethanolamine (1%), polyethylene glycol) 2000-phosphoethanolamine
(1%)), and either N-biotinyl-phosphoethanolamine, 14'-mercapto-phosphoethanolamine,
or phosphatidylthioethanol (2%). Hydration media contained 200 mM sucrose and 10
weight% of PEGDMA1000. (For a more detailed description of the vesicle preparation
and manipulation procedures, refer to Chapter 4).
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Preparation of Lithographic Gold Substrates
Micron sized gold-pads were deposited on glass coverslips using electron-beam
lithography. Poly(methyl methacrylate) PMMA was used as the resist material because it
degrades upon exposure to an electron beam. Substrates were prepared by spin coating a
4% PMMA solution in anisole (MW = 950 K) onto a clean glass coverslip (22 x 30 mm
micro cover glasses, VWR Scientific). A spin rate of 4000 RPM for 45 seconds was
used. The substrates were placed in a vacuum oven at 180° C for 25 minutes to
completely remove anisole. Exposures were performed using a JEOL SEM equipped
with an NPSG direct writing tool (Nabity Lithography Systems) with an exposure dosage
of 400 u€/cm
,
12 kV accelerating voltage, and a 19 pA beam current. Exposed PMMA
was removed by a 5 min soak of the substrate in a mixture of methylisobutylketone and
isopropanol (1:3 by volume), followed by rinsing with isopropanol. The substrate is then
placed in the chamber of a high vacuum evaporator, where a 30 A° chromium layer was
deposited as an adhesion layer. Then a 300-A0 layer of gold was deposited onto the
substrate. "Lift off of the gold covered PMMA was performed by placing the substrate
in an acetone bath for 1 hour, followed by rinsing the substrate with a narrow stream of
acetone from a squirt bottle. This resulted in the desired gold patterns that were stored in
glass vials until later used.
Substrates Prepared with Gold Coated Fibers
The outer acrylate clathing of 3M single mode optical fiber was removed by
soaking the fiber in sulfuric acid for 10 minutes. This process gives you the uncoated
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glass fiber optic (80 um in diameter) that can be further reduced by etching with
hydrofluoric acid (HF). The diameter of the fiber can be controlled between 1-80 um,
depending on the amount of time the fiber is immersed in HF (-30 minute soak for 1
micron fiber). Etched fibers were rinsed with deionized water and were prepared for
sputter coating by standing 2" sections upright in a small amount of plasticine. Fibers
were coated with gold using a PELCO® SC-7 Sputter Coater and a gold target (Ted Pella,
Inc.). Gold was deposited at a current of 30 mA using 3 one minute deposition cycles.
The gold coated fibers were then fixed to a glass coverslip, with epoxy. Three or four
fibers were glued parallel to each other on the coverslip approximately 100-200 um apart.
Preparation of Biotinylated Monolayer
The lithographically patterned gold substrates were rinsed with chloroform and
ethanol and blown dry with filtered nitrogen. Self-assembled monolayers (SAMs) were
prepared by immersing the substrate into an ethanolic solution of 1 1-aminoundecanylthiol
and dioctyldisulfide for 2 hours. The disulfide/amine thiol solutions were prepared in
absolute ethanol at a ratio of 50/1 and a concentration of 1 mM. The low concentration of
the amine thiol relative to the disulfide improves the adhesion, by preventing the
aggregation of avidin on the surface. After deposition of the monolayer, the substrates
were rinsed with 100 mM sodium bicarbonate (pH 8.4) and then placed in a freshly
prepared 10 mM solution of Sulfosuccinimidyl-6-(biotinamido)hexanoate [NHS-LC-
biotin] in 100 mM sodium bicarbonate buffer for 30 minutes. The amine terminus of the
SAMs reacts with NHS-LC-biotin producing a biotinylated surface. Unreacted biotin was
washed away with PBS buffer (pH 7.3). Avidin was then bound to the surface by soaking
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the substrates in a 250 u.g/ml solution of the protein in pH 7.3 PBS buffer for 1 hour, after
which unbound protein was washed away with PBS. The substrate was then fixed to the
bottom of the aluminum holder as the floor of the transfer chamber.
Preparation of Pyrrole Coated Structures
Harvested vesicles were added to dilution buffer that contained 0.5 mM pyrrole in
addition to glucose and Irgacure. This dilution buffer was also used in the transfer
chamber. A single micron sized vesicle was aspirated by micropipette suction and
transferred with a fluid filled transfer pipette to the transfer chamber. In the transfer
chamber, the desired structure was formed and photopolymerized. The deposition of
pyrrole onto the surface of the structure was initiated by the addition of 100 mM
ammonium persulfate. The chemical polymerization of pyrolle could be quenched by the
addition of ethanol or by transferring the structure out of the transfer chamber, into a
chamber filled with deionized water.
Results and Discussion
Lipid nanotubes were drawn between gold pads utilizing the the biotin-avidin
adhesion complex. Conventional electron-beam lithography was used to prepare gold
pads on a glass coverslip. (Figure D.l A). The gold pads were made adhesive toward
biotin using three processing steps including i) deposition of an amine functionalized
SAM on the gold pads, ii) reaction of the amine with succinimidyl-biotin, iii) and binding
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Figure D.l Patterned arrays of lipid nanotubes. A) An array of lithographically
patterned gold pads (5X5 |im) spaced 40 |im apart. B) Feeder vesicles is brought into
adhesive contact with one of two gold pads that are separated by 40 \xm; the attached
nanotube is optically invisible in bright field. C) The fluorescence image of the same
field of view after feeder vesicle has been removed reveals the fluorescent image of a
nanowire drawn between two gold pads.
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of the avidin to the biotinylated surface. This functionalized surface was then used to
attach the surface of a giant vesicle containing a small amount of biotinylated lipid.
Figure D. 1 B and C show a tube drawn between two gold pads via vesicle
micromanipulation. In Figure D.l B, the feeder vesicle is brought into adhesive contact
with one of two gold pads (5x5 jim) spaced 40 |im apart. In Figure D.l B, the nanowire
is too small to be seen in the bright-field image, however the fluorescent image of the
same microscopic field after removal of the feeder vesicle reveals the presence of a lipid
nanotubc (Figure D.l C). The nanotube can be visualized by the luminescence of
fluorescent lipid (Rhod-PE) contained in the bilayer.
More recently, we have developed a single step attachment to gold surfaces using
the interaction between gold and alkane thiols. The adsoiption of thiol-containing
compounds onto gold has been widely studied. 11, 22 Vesicles containing 2 mol% of either
14'-mercapto-phosphocthanolamine (1) or phosphatidylthiocthanol (2) were used to
provide strong point attachment of the lipid bilayer to gold coated glass filaments (Figure
D.2). Vesicles can also be used to form Y-branchcd junctions, by withdrawing two
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Figure D.2 Attachment of fluid lipid nanotube junctions to a solid surface to create a
functionalized network. A) Gold coated optical fibers that are glued to a glass substrate.
Fibers are separated by a spacing of 100-200 urn B, C and D) Sequence of fluorescence
microscope images that demonstrate the manipulation sequence used to create a confluent
junction of nanotubes. First, two tubes are pulled from the feeder vesicle by attachment
oftwo separate regions of the optical fiber (B). Next the vesicle is retracted further away
and the bilayer tubes slide over the fluid surface (C) until they coalesce at a triangle
junction point (D). The procedure can be repeated to create and array of nanotube
junctions.
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tethers from the same feeder vesicle. As the vesicle is moved away from the attachment
sites, the membrane tethers coalesce into a single junction. The formation of Y-junctions
between gold coated optical fibers glued to a surface is shown in Figure D.2 B,C, and D.
Pyrrole coating of Structures
Giant bi layer vesicles were used as templates for the deposition of pyrrole.
Chemical polymerization of pyrrole onto the surface of templated structures was achieved
by forming the desired structure in a micromolar aqueous solution of pyrolle followed by
the addition of ammonium persulfate (Figure D.3 A). Figure D.3 shows the bright-field
images of an aspirated vesicle in an aqueous solution of pyrrole before (D.3 B) and after
(D.3 C) the addition of 100 mM ammonium persulfate. The deposition of polypyrrole
onto the vesicle surface was visualized by the darkening of the vesicle. The
polymerization of pyrrole on the bilayer surface can also be used for stabilization of
structures, which is demonstrated in Figure D.3 D. This figure shows an SEM
micrograph of vesicles that were coated with polypyrrole and then dried down on a glass
surface. A control experiment in which an SEM sample was prepared with vesicles that
were not coated with polypyrrole, resulted in no visualization of the giant vesicles.
The above approach can also be used to coat lipid tubules formed by the
membrane templating technique. Figure D.4 shows a tube that is stretched between a
gold coated glass filament and the end of a micropipette. Initially, the tube is visible only
in fluorescence microscopy (Figure D.4 A). The tube becomes visible in bright-field
microscopy after deposition of pyrrole onto the bilayer surface (Figure D.4 B). The tube
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Figure D.3 Pyrolle coating ofphospholipid vesicles. A) Schematic ofthe templated
deposition of pyrrole onto bilayer vesicles. Bright-field images of aspirated vesicle
before (B) and after (C) deposition ofpyrrole using ammonium persulfate as the chemical
oxidant. D) SEM micrograph of polypyrrole coated vesicles.
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Figure D.4 Pyrolle coated nanotube. A) Fluorescence image ofa section of a lipid
nanotube that was stretched between a gold coated filament and a micropipette. B) The
tube becomes visible in bright-field microscopy after the deposition of pyrrole on its
surfoce. C and D) Larger field ofview of the pyrrole coated nanotube which
demonstrates its flexibility even after coating with polypyrrole.
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which is initially stabilized by the polymerization of lumenally confined PEGDMA,
remains flexible after the surface is coated with polypyrrole (Figure D.4 C and D).
Conclusions and Future Work
The membrane templating approach has been used to attach single lipid nanotubes
and arrays of nanotubes between gold electrodes on a surface. Strong point attachment to
the electrodes was made using the adhesion between biotin and avidin or gold and sulfur.
We have also demonstrated that pyrrole can be deposited on the surface of templated
structures and provides one approach toward the production of nanometer scale
conducting structures. Future work will involve further study of the polypyrrole coated
nanotubes, by stabilizing them between electrodes and characterizing their transport
properties. The above membrane templating approach should find applications in making
useful electronic devices and is suited for inter-element wiring. Alternative methods for
making the resulting structures will also be explored (i.e. electroless metal deposition).
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APPENDIX E
PREPARATION OF pH-RESPONSIVE MICROGELS
Another goal of the project involves the use of biomembrane templates for
making responsive structures. We demonstrated use of this templating approach to make
pH-responsive gels that were composed of copolymers of polyethylene glycol)
dimethacrylate [PEGDMA] and methacrylic acid. These hydrogels have a large volume
response to changes in pH, and due to their small size, their response time was very fast
(< 1 sec). These results demonstrate the potential of this system to produce force
transducers or responsive elements for device applications on extremely small size scales.
Volume responsive hydrogels have attracted interest in a variety of applications
including drug delivery, 1 artificial muscle, 2,3 and chemical valves and actuators.4
"6 The
volume-phase transition of polymeric hydrogels has been studied in response to light,7
"J
"1 Q o 1010
magnetic and electric fields, ' temperature, solvent compositon, and pH. ' One of
the limitations in the application of these responsive gels has been the slow response
times of the gels. Due to the fact that the response time is kinetically restricted by
diffusion (scales with the square of the characteristic linear dimension), gels in the sub-
millimeter size range can provide promising technological materials. Recently, Needham
and coworkers have shown that pH responsive microgels composed of methacrylic acid
show a large volume response (200%-300%) on very short time scales (<300 msec).
9
They have determined the effect of crosslink density of the gels on drug loading,
swelling, response times, and microgel pH.
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We would now like to extend the membrane templating approach developed in
our laboratory,
11
toward developing pH responsive structures. This appendix describes
some initial results obtained toward this goal.
Experimental
Materials and Methods
Methacrylic acid was purchased from Aldrich. All other materials used for the
preparation of giant unilammellar vesicles are the same as in Chapter 4, page 90.
Hydration media was prepared by dissolving 10 weight% of monomer in 200 mM
sucrose solution. The molar ratio of methacrylic acid to crosslinker (PEGDMA) varied
between 4:1 and 1:1. Note: In order to solubilize the methacrylic acid in the sucrose
solution a small amount of 2M NaOH solution needed to be added.
Vesicles were prepared by the slow hydration technique detailed in Chapter 4.
Furthermore, an acidic buffer of pH 2 and a basic buffer of pH 10 were prepared.
Vesicles were harvested and diluted into an equiosmolar glucose solution and
placed in the suspension chamber. A single vesicle was aspirated with a micropipette and
transferred to the transfer chamber, where the vesicle was photopolymerized with UV
light. The bilayer was then stripped away using a stream of Triton-X. After the bilayer
was removed, the polymerized hydrogel was subjected to treatment with an acid gun or
alternating acid and base guns (see Figure E.l).
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Results and Future Direction
Figure E.l demonstrates that we were able to prepared pH responsive microgels
via the membrane templating approach. In Figure E.l A, the polymerized microgel is
held in the transfer chamber at pH 8, and when the gel is exposed to an acidic buffer (pH
2) it rapidly collapses in less than one second. The volume change in this figure is
approximately 220%. We have prepared vesicles with a range of compositions of
methacrylic acid to PEGDMA1000, all of which show pH responsiveness. Future work
will focus on trying to pattern dumbbells and filaments out of the methacylic acid-
PEGDMA copolymers and to see if they can be used as force transducers in various
applications.
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Polyethylene glcol) 1 000 dimethacrylate Methacrylic Acid
O O
Figure E.l Hydrogels that respond to changes in pH were created using vesicles loaded
with a 10% by weight solution ofa 1:2 ratio ofPEG(1000)DMA to methacrylic acid.
Monomers were copolymerized by free-radical photo initiation using Irgacure 2959. A)
Microgel held with micropipette in pH 10 buffer. B) Collapsed microgel held with
micropipette; second pipet is being used to deliver a buffer ofpH 3.
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APPENDIX F
MODIFICATIONS MADE TO THE MICROMANIPULATION INSTRUMENT
Before attempting to operate the micromanipulation instrument, one should
carefully review APPENDIX A in ref. 40. It contains a detailed description of the
hardware components of the microscope, along with the experimental methods used in the
micromanipulation of vesicles over distances in the micrometer range. Included in
APPENDIX A are the general maintenance instructions for the instrument and precautions
that should be taken during its operation.
During the course of our work, a few modifications were made to the instrument
to improve its function. First, an extended reflector dichroic mirror (reflects < 375 nm;
Chroma Technology Corp.) was mounted at a 45° angle above the sample translation
stage and objective lens. It was mounted using an aluminum holder that was machined to
hold the mirror at the desired angle, and that was capable of fastening the fiber optic
assembly parallel to the stage and in the direction of the mirror (see images below).
Focusing the output of the fiber optic was done by loosening the screw on top of the
mount and adjusting the distance of the end of the fiber optic from the collimating lens.
The following modification allows photopolymerizations to be conducted
easily by
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opening the shutter located on the UV condenser mounted on the left port of the arc lamp
(Oriel 100 W Hg arc lamp). The area corresponding to the field of view on the
microscope is irradiated.
Physical measurements made on micron size hydrogels, and control over the
diameter of pulled tubes, requires the use of a precision manometer capable of applying
finely controlled pressures. A two chamber manometer was built that was modeled after a
manometer from the laboratory of Professor Evan Evans.
Small pressures could be applied to a fluid filled pipette, by
micrometer height control of the water filled reservoir
connected to the pipette. The pipette is mounted in a
injection holder (Narishige) via an air-tight seal using silicon
rubber tubing and a chuck. The injection holder is
connected to the manometer with rubber tubing. The water
reservoir is mounted on the face of a micrometer (SM
Series from Newport Corporation) allowing height control
with micron precision. The pressure applied by the
manometer is calculated with the following equation:
P = h p g ; where h is the height change of the manometer after zeroing, p is the density of
water (1000 kg/m3 ), and g is the acceleration due to gravity (9.80665 m/sec
2
). Pressures
calculated using this equation are shown in Table E.l, and correspond to the common
pressures used during the stretching experiments.
Table F.l Pressures Applied with Changes in Height using Manometer
Height (mm) Pressure (Pa) Height (mm) Pressure (Pa) Height (mm) Pressure (Pa)
28 274.6
32 313.8
37 362.8
1 9.8 13 127.5
3 29.4 16 156.9
5 49.0 19 186.3
7 68.6 22 215.7
10 98.1 25 245.2
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